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16 Abstract 
The Langley Research Center of the National Aeronautics and Space Adminis­

tration is a leading aerospace research center. This center operates a number 

of sophisticated wind tunnels in order to fulfill the needs of its researchers. 

Compressed air, which is kept in steel storage vessels, is used to power many 

of these tunnels. Some of these vessels have been in use for many years, and 

Langley is currently recertifying these vessels to insure their continued struc­

tural integrity. One of the first facilities to be recertified under this program 

was the Langley 8-foot high-temperature structures tunnel. This recertification 

involved (a) modification, hydrotesting, and inspection of the vessels; (b) repair 

of all relevant defects; (c) comparison of the original design of the vessel with 

the current-design criteria of Section VIII, Division 2, of the 1974 ASME Boiler 

and Pressure Vessel Code; (a) fracture-mechanics, thermal, and wind-induced 

vibration analyses of the vessels; and (e) development of operating envelopes 

and a future inspection plan for the vessels. Following these modifications, 

analyses, and tests, the vessels were recertified for operation at full design 

pressure (41.4MPa (6000psi)) within the operating envelope developed. 
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The Langley Research Center of the National Aeronautics and Space Adminis­

tration is a leading aerospace research center. This center operates a number 

of sophisticated wind tunnels in order to fulfill the needs of its researchers. 

Compressed air, which is kept in steel storage vessels, is used to power many 

of these tunnels. Some of these vessels have been in use for many years, and 

Langley is currently recertifying these vessels to insure their continued struc­

turaljntegrity. One of the first facilities to be recertified under this pro­

gram was the Langley %foot high-temperature structures tunnel. This recertifi­

cation involved (a) modification, hydrotesting, and inspection of the vessels; 

(b) repair of all relevant defects; (c) comparison of the original design of the 

vessel with the current-design criteria of Section VIII, Division 2, of the 

1974 ASME Boiler and Pressure Vessel Code; (d)-fracture-mechanics,thermal, and 

wind-induced vibration analyses of the vessels; and (e) development of operating 

envelopes and a future inspection plan for the vessels. Following these modifi­

cations, analyses, and tests, the vessels were recertified for operation at full 





The Langley Research Center,of the National Aeronautics and Space Adminis­
tration is a leading aerospace research center. In order to fulfill the needs 
of its researchers, Lang.ley operates a number of sophisticated wind tunnels. 
These tunnels are used extensively and, as a consequence, have experienced 
numerous pressure cycles since being put into service. To insure the continued 
structural integrity of these tunnels, Langley has developed a comprehensive 
recertification program for each high-energy pressure system. One of the first 
facilities to be recertified under this program was the Langley 8-foot high-
temperature structures tunnel. This facility is a so-called "blow-downfftunnel 
in which high-pressure air kept in steel storage vessels is exhausted sequen­
tially through the air-supply piping and manifolding into an air-methane gas 
combustor, and finally through the test chamber t o  the atmosphere. The highest 
stored-energy components of this wind tunnel are the 12 air storage vessels and' 
the 2 methane storage vessels. 
This paper describes the inspections, analyses, tests, and ASME Boiler and 

Pressure Vessel Code comparisons performed to recertify these vessels. In 

addition, this paper presents the inspection plan developed to insure continued 

safe operation of these vessels. Reference 1 presents the experimental data 
generated for the analyses and ASME Code comparisons. 
SYMBOLS 
Except for the figures, this paper presents physical quantities in both the 
International System of Units (SI) and the U.S. Customary Units. For clarity, 
the figures show only SI units. All measurements and calculations were made in 

U.S. Customary Units. Reference 2 presents factors relating the two systems, 



































equivalent cross-sectional area 









half-length of a through flaw, o r  depth of a surface flaw 
initial half-length of a through flaw, o r  initial depth of a surface 
flaw 
drag coefficient of vessel 

lift coefficient of vessel 

amplitude of CL 

energy absorbed in impact test on Charpy V-notch specimen 





coefficients for fatigue-crack-growth equations 

initial half-length of surface flaw 

local inside diameter of vessel 

inside diameter of nozzle 

outside diameter of vessel 

rate of fatigue-crack growth 

Young’s modulus of elasticity 








































fatigue reduction factor 





critical damping value 

thermal conductivity of air at T~ 

experimental elastic fracture toughness 

elastic fracture toughness used in fracture-mechanics analysis 

maximum stress-intensity factor 

minimum stress-intensity factor 

elastic stress-concentration factor for nozzle 

range of.stress-intensity factor 

spring constant of vessels 

distance from the center line of an opening to the edge of a locally 

stressed area in a shell 





elastic magnification factor on stress-intensity factor 

exponents on fatigue-crack-growth equations 





number of cycles 

number of full pressure cycles allowed before next inspection 












Pa i n t e r n a l  p r e s s u r e  a t  T~ 
P i  i n t e r n a l  p r e s s u r e  a t  s t a r t  o f  t u n n e l  r u n  
Q e l a s t i c  shape  factor f o r  a n  e l l i p t i c a l  crack 
R r a t i o  of minimum stress t o  maximum stress 
Rg u n i v e r s a l  gas c o n s t a n t  
'in i n s i d e  r a d i u s  
'in ,h i n s i d e  r a d i u s  o f  s p h e r i c a l  head o f  v e s s e l  
r i n , n  i n s i d e - c o r n e r  r a d i u s  o f  n o z z l e  
r in,n,min minimum a l l o w a b l e  i n s i d e - c o r n e r  r a d i u s  of n o z z l e  
rm,h mean r a d i u s  o f  sphe r i ca l  head o f  v e s s e l  a t  n o z z l e  opening  
r o u t s i d e - c o r n e r  r a d i u s  o f  n o z z l e  o , n  
ro ,  n ,min minimum a l l o w a b l e  o u t s i d e - c o r n e r  r a d i u s  o f  n o z z l e  
'a1 t a l t e r n a t i n g  stress i n t e n s i t y  
'P, , m  l o c a l  membrane stress i n t e n s i t y  ( see  pa rag raph  4-132 o f  r e f .  3 )  
'P, , m , m a x  maximum a l l o w a b l e  v a l u e  o f  l o c a l  membrane stress i n t e n s i t y  
Sm d e s i g n  s t r e s s - i n t e n s i t y  v a l u e  
sP peak stress i n t e n s i t y  (see paragraph 4-135 o f  r e f .  3 )  
SP,m g e n e r a l ,  p r imary ,  membrane stress i n t e n s i t y  (see paragraph 4-131 of re f .  3 )  
'p,m,max maximum a l l o w a b l e  v a l u e  o f  g e n e r a l ,  p r i m a r y ,  membrane stress 
i n t e n s i t y  
s P , S  pr imary-p lus-secondary  stress i n t e n s i t y  (see paragraph 4-134 of ref.  3 )  
S p ,  s ,  max maximum a l l o w a b l e  v a l u e  of pr imary-p lus-secondary  stress i n t e n s i t y  
Ta a i r  t e m p e r a t u r e  a t  T~ 
Ti air  t e m p e r a t u r e  a t  s tart  of t u n n e l  r u n  













































minimum required thickness of spherical head of vessel (see para­
graph AD-202 of ref. 3 )  




volume of vessel 







ratio of outside radius to inside radius of vessel 

static displacement of vessel due to lateral load 

amplitude of motion 

first derivative of y with respect to time 











density of air outside vessel 

air density in vessel at T~ 

air density in vessel at start of tunnel run 





average longitudinal stress 

longitudinal stress on inside surface 








‘r radial stress 
-
‘r average radial stress 
Ur,in radial’stresson inside surface 
U radial stress on outside surfacer,o 
ut tangential stress 
-
ut average tangential stress 
“t ,in tangential stress on inside surface 
Ut,o tangential stress on outside surface 
ultimate tensile strength 
Uu ,min specified minimum tensile strength 
UY yield strength (0.2-percent offset) 
“y ,min specified minimum yield strength 
T time 

‘i time from start of tunnel run 

4 phase angle by which motion lags the impressed force 

% K&m& vortex frequency 

wn natural frequency of vessel 

Abbreviations: 
PT dye-penetrant inspection 





Air Storage Vessels 

Figure 1 shows an aerial view of the Langley 8-foot high-temperature 

structures tunnel. The 12 air storage vessels of the tunnel appear in the upper 

right-hand quadrant of figure 1. Figure 2 shows a cross-sectional view of a 
typical air storage vessel. Table I presents the pertinent dimensions and char­
acteristics of these vessels. Each vessel contains a cylindrical canister which 
is mounted concentric with the wall of the air storage vessel. Table I1 pre­
sents the pertinent dimensions and characteristics of these canisters. During 
6 
tunnel operations, the canister is designed to force the air in the vessel to 
flow through the 25.4-mm (I-in.) annulus between the inside wall of the pressure 
vessel and the outside wall of the canister. This air absorbs heat from the 
vessel walls while flowing along the annulus. Consequently, energy lost by the 
adiabatic expansion of the air is partially regained from the vessel wall. As 
originally constructed, each vessel also contained a horn-shaped thermal liner 
in the 165.1-mm (6.5-in.) nozzle. Table I11 gives the pertinent dimensions and 
characteristics of this liner. During tunnel operations, the liner protected 
the 165.1-mm (6.5-in.) nozzle from excessive adiabatic cooling. One end of the 
liner was welded to the nozzle inside-corner radius. The other end rested on 
a thermal liner in the air piping. 
Methane Storage Vessels 

The two methane storage vessels of the tunnel appear in the lower fore­
ground of figure 1. These two vessels are similar in construction to the air 
storage vessels except that they contain neither canisters nor thermal liners. 
The canisters and liners are not needed since the methane flow rate is rela­
tively low and little adiabatic cooling occurs. Table IV presents the pertinent 




The recertification of the air and methane storage vessels involved the 

following eight basic elements: 

( 1 )  Pressure-vessel modifications 
( 2 )  Nondestruc'tive examination 
(3) ASME Code comparisons 

(4) Fracture-mechanics analyses 

(5) Thermal analysis 

(6) Wind-induced vibration analysis 

( 7 )  Determination of the operating envelopes for the air and methane 
storage vessels 
( 8 )  Inspection plan 
These elements were tightly interwoven; for example, inspections and analyses 
indicated which modifications should be performed. Conversely, new analyses 
and inspections were often required after modifications were completed. For 
clarity, each element will be discussed independently with appropriate refer­
ences to interfacing elements. No attempt will be made to present the actual 





A NASTRAN ( r e f .  4 )  f i n i t e - e l e m e n t  stress a n a l y s i s  was performed on t h e  
nozz le  area o f  t he  a i r  s t o r a g e  v e s s e l s .  For  a n  i n t e r n a l  p r e s s u r e  of' 41.4 MPa 
(6000 p s i ) ,  t h i s  a n a l y s i s  i n d i c a t e d  r e l a t i v e l y  h i g h  stresses i n  t h e  welds  
a t t a c h i n g  the  thermal l i n e r s  t o  t h e  i n s i d e - c o r n e r  r ad i i  o f  t h e  l a r g e  n o z z l e s  
( f i g .  3 ) .  Because o f  these h i g h  stresses and of t h e  p o s s i b i l i t y  t h a t  weld ing  
c r a c k s ,  h i g h  r e s i d u a l  stresses, and gouges could  deve lop  w h i l e  welding t h e  
l i n e r s  t o  t he  n o z z l e s ,  t h e  d e c i s i o n  was made t o  remove these l i n e r s ,  r e c o n t o u r  
t h e  i n s i d e - c o r n e r  r ad i i  o f  t h e  nozzle . ,  and i n s t a l l  new l i n e r s  which were n o t  
attached t o  t h e  n o z z l e s .  
A con tour -g r ind ing  machine ( f i g .  4 )  was s p e c i a l l y  des igned  and fabricated 
a t  Langley t o  remove t h e  o r i g i n a l  l i n e r s  and r e c o n t o u r  t h e  i n s i d e  c o r n e r s  o f  t h e  
nozz le s .  F i g u r e  5 shows t h e  n o z z l e  r e g i o n  b e f o r e  m o d i f i c a t i o n .  
F i g u r e  6 shows t h e  i n s i d e  s e c t i o n  of t h e  l i n e r  be ing  removed by u s i n g  a 
c u t o f f  wheel. F i g u r e  7 shows t h e  l i n e r - s u p p o r t  s t r u c t u r e  ho ld ing  t h e  remain ing  
p o r t i o n  o f  t h e  l i n e r  i n  place and t h e  c u t o f f  wheel c u t t i n g  th rough  t h e  o u t s i d e  
s e c t i o n  of  t h e  l i n e r .  F i g u r e  8 shows t h e  l i n e r - s u p p o r t  s t r u c t u r e  removed and 
t h e  l i n e r  be ing  burned i n t o  pieces small enough t o  be  removed through t h e  noz­
z l e .  A metal s h i e l d  was l a i d  ove r  t h e  n o z z l e  t o  p r o t e c t  i t  d u r i n g  t h i s  bu rn ing  
p rocess .  F i g u r e  9 shows t h e  remain ing  p o r t i o n  o f  t h e  l i n e r  and i t s  a t t achmen t  
weld be ing  removed and t h e  i n s i d e - c o r n e r  r a d i u s  be ing  r econ toured  by u s i n g  a 
series of g r i n d i n g  s t o n e s .  Fol lowing  t h i s  r e c o n t o u r i n g ,  t h e  nozz le  area was 
c l eaned  w i t h  Freon t o  remove a l l  d e b r i s .  F i g u r e  10 shows t h e  modif ied n o z z l e  
area w i t h  a new c y l i n d r i c a l  thermal l i n e r  i n s t a l l e d .  After a l l  m o d i f i c a t i o n s  
were comple ted ,  each a i r  s t o r a g e  v e s s e l  was i n s p e c t e d  and h y d r o t e s t e d  a t  
1.5 times t h e  d e s i g n  p r e s s u r e ,  t h a t  i s ,  a t  62.1 MPa (9000 p s i ) .  A s  e x p l a i n e d  
p r e v i o u s l y ,  t h e  methane s t o r a g e  v e s s e l s  c o n t a i n e d  no thermal l i n e r s .  Conse­
q u e n t l y ,  these v e s s e l s  r e q u i r e d  no m o d i f i c a t i o n s .  
NONDESTRUCTIVE E X A M I N A T I O N  
A i r  S t o r a g e  Vessels 
Large nozz le s . - The fo l lowing  d i s c u s s i o n  l ists  t h e  t e c h n i q u e s  employed i n  
i n s p e c t i n g  t h e  large n o z z l e s :  
( 1 )  U l t r a s o n i c  i n s p e c t i o n :  The c o n f i g u r a t i o n  o f  these large n o z z l e s  pre­
c luded  normal u l t r a s o n i c  i n s p e c t i o n .  Consequen t ly ,  a new t e s t  t e c h n i q u e  was 
developed .  I n  t h i s  development ,  a f u l l - s i z e d  mock-up of  t h e  large n o z z l e  was 
fabricated.  A 9.5-mm (0 .375- in . )  r a d i u s ,  s e m i c i r c u l a r  s l o t  was e l e c t r o d i s c h a r g e  
machined i n t o  t h e  i n s i d e - c o r n e r  r a d i u s  o f  t h e  n o z z l e  t o  s i m u l a t e  a crack. (See 
f i g .  11 . )  T h i s  i s  t h e  smallest s i z e  s l o t  which cou ld  be l o c a t e d  r e p e a t e d l y  by 
u s i n g  t h e  t e c h n i q u e s  d e s c r i b e d  h e r e i n .  The s l o t t e d  mock-up t h u s  became t h e  
c a l i b r a t i o n  s t a n d a r d  f o r  t h e  u l t r a s o n i c  i n s p e c t i o n  o f  t h e  large n o z z l e s .  
A special  shoe was fabr ica ted  t o  f i t  t h e  o u t s i d e - c o r n e r  r a d i u s  o f  t h e  
mock-up. A 2.25-MHz t r a n s d u c e r  having  a 12 .7-m by 25.4-mm (0 .5- in .  by I - in . )  
a c t i v e  area was mounted i n  t h i s  shoe  t o  g e n e r a t e  and receive shear-wave s i g n a l s  
in the mock-up. The shoe was fabricated to produce a sound entry angle of 22O. 
This entry angle permitted the sound to pass almost tangent to the inner surface 

of the mock-up. The practice of missing the inner surface during shear-wave 

inspection is not normally an accepted technique. However, by using this tech­

nique, the 9.5-r~~~
(0.375-in.) slot in the calibration standard was located 

repeatedly. Consequently, this technique was used in inspecting the large

nozzles. The large nozzles were ultrasonically inspected prior to the removal 

of the thermal liners. The nozzles on three vessels produced linear indications 

equal to o r  greater than the indications produced by the calibration standard. 
These three nozzles were ultrasonically reinspected following modification of 

the nozzles. Two of the three nozzles then gave no indications. The third 

produced a linear indication equal to the indication produced by the 9.5-mm 

(0.375-in.) slot in the mock-up. 

(2 )  Dye-penetrant inspection: Following the modification of the nozzles, 
' 	 the entire inside nozzle area of each vessel was inspected by using dye-
penetrant techniques. This inspection indicated no linear defects in any 
nozzle areas. However, nonmetallic inclusions having a width of approximately 
3.6 mm (0.14 in.) were found in the nozzles of five vessels. 
(3) Radiographic inspection: The modified nozzle which produced a signifi­

cant ultrasonic signal was radiographically examined. This examination indi­

cated no defects in this nozzle. 

(4) Initial flaw size: From these inspections, an initial flaw depth of 

9.5 mm (0.375 in.) was derived for the fracture-mechanics analysis. This 9.5-mm 

(0.375-in.) depth corresponds to the depth of the slot in the ultrasonic test 

(UT) calibration standard. 

Small nozzles.- The following discussion lists the techniques employed in 

inspecting the small nozzles: 

(1) Ultrasonic inspection: A mock-up of this small nozzle was also fabri­
cated, and a 6.4-mm (0.25-in.) rad-ius,semicircular slot was electrodischarge 
machined into the inside-corner radius of the mock-up. Another shoe was fabri­
cated to fit the outside-corner radius of the mock-up and a 12.7-mm by 25.4-mm 
(0.5-in. by 1-in.) 2.25-MHz ultransonic transducer mounted in the shoe. The 
same techniques used in inspecting the large nozzles of the air storage vessels 
were used in inspecting these nozzles. The nozzles on two vessels produced
linear indications approximately equal to the indications produced by the cali­
bration standard. 
( 2 )  Dye penetrant: The two nozzles producing linear ultrasonic indications 




(3) Eddy current: The two nozzles producing linear ultrasonic indications 

were also inspected by using eddy-current techniques since these techniques







( 4 )  I n i t i a l  f l a w  s i z e :  For t h e  f r ac tu re -mechan ics  a n a l y s i s ,  a flaw hav ing  
a d e p t h  o f  6 .4  mm (0 .25 i n . )  was assumed for  these n o z z l e s .  T h i s  6.4-mm 
(0 .25- in . )  dep th  c o r r e s p o n d s  t o  t he  depth  o f  t h e  s l o t  i n  t h e  n o z z l e  mock-up. 
Head-to-wall j u n c t u r e s . - The f o l l o w i n g  d i s c u s s i o n  l i s ts  t h e  t e c h n i q u e s  
employed i n  i n s p e c t i n g  t h e  head-to-wall  j u n c t u r e s :  
( 1 )  U l t r a s o n i c  i n s p e c t i o n :  The head-to-wal l  j u n c t u r e s  were examined by 
u s i n g  both  l o n g i t u d i n a l - and shear-wave t e c h n i q u e s  because  there was conce rn  
t h a t  t h e  d i s c o n t i n u i t i e s  between l a y e r s  i n  t h e  v e s s e l  w a l l  had i n t r o d u c e d  cracks 
i n t o  t h e  head-to-wall  j u n c t u r e  welds .  For t h e  long i tud ina l -wave  examina t ion ,  a 
mock-up of  a s e c t i o n  o f  t h i s  j u n c t u r e  was fabricated.  A 4.8-mm (0 .19- in . )  
diameter, 19.1-mm (0 .75 - in . )  deep, f l a t - b o t t o m  h o l e  was d r i l l e d  i n t o  t h e  mock-up 
t o  r e p r e s e n t  a flaw. A 2.25-MHz t r a n s d u c e r  hav ing  a 9.5-mm (0 .375- in . )  diameter 
a c t i v e  area was mounted i n  a commercial  shoe  and used t o  examine the  mock-up. 
The s i g n a l  ref lected from t h e  4.8-mm (0 .19- in . )  diameter h o l e  became t h e  refer­
ence  s i g n a l  f o r  t h e  long i tud ina l -wave  i n s p e c t i o n  o f  t h e  head-to-wall  j u n c t u r e s .  
I n s p e c t i o n  o f  these j u n c t u r e s  r e v e a l e d  no defects  whose ref lected s i g n a l  
exceeded the  r e f e r e n c e  s i g n a l .  
For t h e  shear-wave examina t ion ,  a 12.7-mm ( 0 . 5 - i n . )  r a d i u s  s l o t  was 
e l e c t r o d i s c h a r g e  machined i n t o  t h e  mock-up t o  r e p r e s e n t  a crack. A 2.25-MHz 
t r a n s d u c e r  having  a 12.7-mm by 25.4-mm (0 .5 - in .  by I - i n . )  a c t i v e  area was 
mounted i n  a commercial  shoe  for  t h i s  i n s p e c t i o n .  The sound e n t r y  a n g l e  f o r  
t h i s  shoe  was 45O. The s i g n a l  r e f l e c t e d  from t h e  12.7-mm ( 0 . 5 - i n . )  r a d i u s  s l o t  
became the  r e f e r e n c e  s i g n a l  f o r  t h e  shear-wave i n s p e c t i o n  of t h e  j u n c t u r e s .  
I n s p e c t i o n  o f  these  j u n c t u r e s  r e v e a l e d  no defec ts  whose ref lected s i g n a l
exceeded t h e  r e f e r e n c e  s i g n a l .  
( 2 )  M a g n e t i c - p a r t i c l e  i n s p e c t i o n :  The m a g n e t i c - p a r t i c l e  i n s p e c t i o n  was 
performed by u s i n g  handheld p rods .  One prod was h e l d  a t  t h e  upper  edge o f  
t h e  j u n c t u r e  and t h e  o t h e r  a t  t h e  lower  edge. The c i r c u m f e r e n t i a l  s p a c i n g  
between t h e  prods  was 203.2 mm t o  254 rrm ( 8  i n .  t o  10 i n . ) .  T h i s  p o s i t i o n i n g  
of  t h e  p rods  s e t  up a d i a g o n a l  magnet ic  f i e l d  a c r o s s  t h e  j u n c t u r e  w e l d s .  The 
e n t i r e  c i r cumfe rence  o f  each j u n c t u r e  was checked a t  t h e  203.2-mm t o  254-mm 
(8 - in .  t o  IO-in.)  i n t e r v a l s .  The m a g n e t i c - p a r t i c l e  i n s p e c t i o n  i n d i c a t e d  a crack 
t h a t  was 25.4 mm ( 1  i n . )  l ong  by 9.5 mn (0 .375  i n . )  deep  i n  one  o f  t h e  j u n c t u r e s .  
T h i s  crack was ground o u t  and r e p a i r  welded .  
( 3 )  I n i t i a l  flaw s i z e :  From these i n s p e c t i o n s ,  a n  i n i t i a l - f l a w  d e p t h  o f  
12.7 mm ( 0 . 5  i n . )  was d e r i v e d  f o r  t h e  f r ac tu re -mechan ics  a n a l y s i s .  T h i s  12.7-mm 
(0 .5 - in . )  dep th  co r re sponds  t o  t h e  dep th  o f  t h e  s l o t  i n  t h e  shear-wave ca l ibra­
t i o n  s t a n d a r d .  
Can i s t e r - to -wa l l  j u n c t u r e s . - The  fo l lowing  d i s c u s s i o n  l i s t s  t h e  t e c h n i q u e s  
employed i n  i n s p e c t i n g  t h e  c a n i s t e r - t o - w a l l  j u n c t u r e s  : 
( 1 )  V i s u a l  i n s p e c t i o n :  The c a n i s t e r - t o - w a l l  j u n c t u r e s  were v i r t u a l l y  i n a c ­
cess ib le .  These j u n c t u r e s  could  n o t  be reached on t h e  i n s i d e  f o r  u l t r a s o n i c ,  
dye -pene t r an t ,  m a g n e t i c - p a r t i c l e ,  o r  eddy-cur ren t  i n s p e c t i o n .  These j u n c t u r e s  
could  n o t  be u l t r a s o n i c a l l y  i n s p e c t e d  from t h e  o u t s i d e  because o f  t h e  m u l t i l a y e r  




inspected. A flexible, fiber-optics borescope was inserted through the small 
upper nozzle for this inspection. This borescope had an independent ccld light 
supply and a 35-mm camera. By using this borescope, the visual-inspection 
requirements of the ASME Boiler and Pressure Vessel Code (ref. 5 )  were met. 
This visual inspection indicated no cracks or weld defects in these junctures. 
(2) Initial flaw size: For  the fracture-mechanics analysis, a crack having 
a length equal to the leg length of the attachment weld, and penetrating the 
inner wall of the vessel, was assumed. 
Hemispherical heads.- The following discussion lists the techniques 

employed in inspecting the hemispherical heads: 

(1 )  Ultrasonic inspection: The hemispherical heads of the vessels were 
inspected by using longitudinal-wave techniques. Three vessel heads indicated 
areas of complete loss of back reflection during this inspection. Such loss 
of back reflection is unacceptable for steels in new vessels according to 
Section VIII, Division 2, of the ASME Boiler and Pressure Vessel Code (ref. 3).
However, according to Section XI of this Code (ref. 6 )  such losses of back 
reflection are, within limits, acceptable for pressure vessels which are in 
service. The areas indicating complete loss of back reflection were within the 
limits specified in Section XI; consequently, these three vessels were judged 
to be safe for  continued operation. No unacceptable indications were found in 
the remainder of the vessels. 
(2) Acoustic emission: The hemispherical heads of each air storage vessel 
were monitored by acoustic emission sensors during hydrotesting. Eleven of the 
vessels were essentially quiet during the hydrotest. The twelfth vessel emitted 
sound from one area during the hydrotest. This area was subsequently inspected 
by ( 1 )  using longitudinal- and shear-wave techniques, ( 2 )  visual examination, 
and ( 3 )  radiographic examination. These inspections indicated no surface o r  
subsurface flaws in the area which emitted sound. Consequently, the twelfth 

vessel was judged to be safe for continued operation. 

Canister-to-head junctures.- The canister-to-head junctures were inspected 

by using the fiber-optics borescope, and no cracks or weld defects were found. 

No fracture-mechanics analysis was performed for this juncture because the 

stresses were relatively low. 

Methane Storage Vessels 

Large nozzles.- The following discussion lists the techniques employed in 

inspecting the large nozzles: 

( 1 )  Ultrasonic inspection: The shape of the large nozzles on the methane 
storage vessels and of the small nozzles on the air storage vessels are quite 
similar. Consequently, the same mock-up and test techniques were used for the 
ultrasonic inspection. This inspection produced no linear indications in the 




( 2 )  I n i t i a l  flaw s i z e :  For t h e  f r ac tu re -mechan ics  a n a l y s i s ,  a flaw hav­
i n g  a d e p t h  of  6 .4  mm (0 .25 i n . )  was assumed f o r  t hese  n o z z l e s .  T h i s  6.4-mm 
(0 .25- in . )  d e p t h  co r re sponds  t o  t h e  d e p t h  o f  t h e  s l o t  i n  t h e  n o z z l e  mock-up. 
Small nozz le s . - The f o l l o w i n g  d i s c u s s i o n  l ists  t h e  t e c h n i q u e s  employed i n  
i n s p e c t i n g  t h e  small n o z z l e s :  
( 1 )  U l t r a s o n i c  i n s p e c t i o n :  The small n o z z l e s  on t h e  a i r  and ne thane  s t o r ­
age v e s s e l s  have i d e n t i c a l  c o n f i g u r a t i o n s .  Consequent ly ,  t h e  same s h o e s  and 
t e c h n i q u e s  were used f o r  t h e  u l t r a s o n i c  . i n s p e c t i o n .  T h i s  i n s p e c t i o n  produced 
no l i n e a r  i n d i c a t i o n s  i n  t h e  small n o z z l e s  o f  t h e  methane s t o r a g e  v e s s e l s .  
( 2 )  I n i t i a l  flaw s i z e :  Fo r  t h e  f r ac tu re -mechan ics  a n a l y s i s ,  a flaw having  
a d e p t h  of 6 .4  mm (0 .25  i n . )  was assumed f o r  these n o z z l e s .  
Head-to-wall  j u n c t u r e s . - The head-to-wal l  j u n c t u r e s  were examined by u s i n g  
long i tud ina l -wave  t e c h n i q u e s .  The same procedures  used  i n  i n s p e c t i n g  t h e  head­
to -wa l l  j u n c t u r e s  o f  t h e  a i r  s t o r a g e  v e s s e l s  were used  i n  i n s p e c t i n g  these  
j u n c t u r e s .  The long i tud ina l -wave  i n s p e c t i o n  y i e l d e d  no u n a c c e p t a b l e  i n d i c a ­
t i o n s  i n  these  j u n c t u r e s .  These methane v e s s e l s  e x p e r i e n c e  v e r y  few p r e s s u r e  
c y c l e s  r e l a t i v e  t o  t h e  a i r  s t o r a g e  v e s s e l s .  Consequent ly ,  no shear-wave in spec ­
t i o n  was performed on these v e s s e l s .  
Hemispher ica l  heads.- The h e m i s p h e r i c a l  heads o f  t h e  v e s s e l s  were i n s p e c t e d  
by u s i n g  long i tud ina l -wave  t e c h n i q u e s .  T h i s  i n s p e c t i o n  y i e l d e d  no u n a c c e p t a b l e  
i n d i c a t i o n s  i n  these heads. 
ASME CODE COMPARISONS 
Although t h e  ASME Code does  n o t  a d d r e s s  m u l t i l a y e r  v e s s e l s ,  t h e  v e s s e l  
d e s i g n s  were compared w i t h  t h e  c u r r e n t  d e s i g n  c r i t e r i a  o f  S e c t i o n  VIII, 
D i v i s i o n  2 ,  o f  t h e  1974 ASME B o i l e r  and P r e s s u r e  Vessel Code ( r e f .  3 ) .  T h i s  
D i v i s i o n  o f  S e c t i o n  V I 1 1  s h a l l  be referred t o  h e r e i n a f t e r  as  " t h e  Code." Such 
comparisons i n d i c a t e  whether  t h e  v e s s e l s  are  des igned  w i t h  t h e  same f a c t o r s  o f  
s a f e t y  and d e s i g n  d e t a i l s  as are  Code-stamped v e s s e l s .  
Appendix B p r e s e n t s  t h e  d e t a i l s  o f  t h e  ASME Code compar isons .  The f i n d i n g s  
from these comparisons are  l i s t e d  as f o l l o w s :  
( 1 )  The three  s teels  i n  t h e  a i r  and methane s t o r a g e  v e s s e l s  were judged t o  
meet t h e  Charpy impact r e q u i r e m e n t s  o f  t h e  Code a t  t h e  t e m p e r a t u r e s  l i s t e d  i n  
table  V(a).  
( 2 )  The three s tee ls  i n  t h e  a i r  and methane s t o r a g e  v e s s e l s  were judged 
t o  meet Code-based drop-weight r equ i r emen t s  a t  t h e  t e m p e r a t u r e s  l i s t e d  i n  
t ab l e  V ( b ) .  
( 3 )  The g e n e r a l ,  p r imary ,  membrane stress i n t e n s i t y  sP ,m f o r  t h e  c y l i n ­
d r i ca l  walls o f  t h e  v e s s e l  s l i g h t l y  exceeded t h e  maximum a l l o w a b l e  stress i n t e n ­
s i t y  Sp,m ,max However, t h e  amount by which Sp,,., exceeded Sp,m,max was 
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judged t o  be t o o  small t o  affect  s i g n i f i c a n t l y  t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  
vessels. 
( 4 )  The pr imary-p lus-secondary  stress i n t e n s i t y  
sP,S 
f o r  t h e  c y l i n ­
d r i c a l  walls o f  t h e  v e s s e l s  was less t h a n  t h e  maximum a l l o w a b l e  stress i n t e n ­
sity 'p,s,max. 
(5 )  For t h e  s p h e r i c a l  heads ,  t h e  g e n e r a l ,  p r imary ,  membrane stress i n t e n ­
s i t y  and t h e  pr imary-plus-secondary stress i n t e n s i t y  were less t h a n  t h e i r  
r e s p e c t i v e  a l l o w a b l e  stress i n t e n s i t i e s .  
( 6 )  For t h e  head-to-wall  j u n c t u r e ,  t h e  l o c a l  membrane stress i n t e n s i t y  
SQ m and t h e  pr imary-p lus-secondary  stress i n t e n s i t y  were l e s s  t h a n  t h e i r  
r e d p e c t i v e  a l l o w a b l e  stress i n t e n s i t i e s .  
( 7 )  For  t h e  large n o z z l e s  on t h e  a i r  s t o r a g e  v e s s e l s ,  t h e  a v a i l a b l e  area 
of r e in fo rcemen t  AR was l e s s  t h a n  t h e  minimum r e q u i r e d  area o f  r e i n f o r c e ­
ment A R  min. However, f o r  t h e s e  n o z z l e s ,  t h e  l o c a l  membrane stress i n t e n s i t y  
and t h e  f i r imary-plus-secondary stress i n t e n s i t y  were l e s s  than  t h e i r  r e s p e c t i v e  
a l l o w a b l e  stress i n t e n s i t i e s .  S i n c e  t h e s e  n o z z l e s  met t h e  Code-based r e q u i r e ­
ments f o r  bo th  l o c a l  membrane and secondary-p lus-pr imary  stress i n t e n s i t y ,  t h e  
l a c k  o f  Code-level  r e i n f o r c e m e n t  was judged t o  be a c c e p t a b l e .  
( 8 )  For t h e  l a r g e  n o z z l e s  on t h e  methane s t o r a g e  v e s s e l s ,  t h e  a v a i l a b l e  
area o f  r e in fo rcemen t  exceeded t h e  r e q u i r e d  minimum area o f  r e in fo rcemen t .  
( 9 )  For t h e  small n o z z l e s  on t h e  a i r  and methane s t o r a g e  v e s s e l s ,  Code 
paragraph  AD-510 i n d i c a t e d  t h a t  no a rea - r e in fo rcemen t  c a l c u l a t i o n s  needed t o  
be made. 
( I O )  A l l  f l a n g e s  met t h e  Code-based r e q u i r e m e n t s .  
( 1 1 )  The i n s i d e - c o r n e r  r a d i i  on c e r t a i n  a i r  and methane-s torage-vesse l  
n o z z l e s  were smaller t h a n  t h e  minimum a l l o w a b l e  i n s i d e - c o r n e r  r a d i i .  To com­
p e n s a t e  f o r  n o t  meet ing  t h e  Code r e q u i r e m e n t s ,  these  i n s i d e - c o r n e r  r a d i i  w i l l  
be c a r e f u l l y  monitored d u r i n g  f u t u r e  i n s p e c t i o n s  o f  selected a i r  s t o r a g e  v e s s e l s  
(see t h e  s e c t i o n  o f  t h i s  pape r  e n t i t l e d  " I n s p e c t i o n  P lan" )  t o  d e t e c t  any f l a w s  
which might deve lop .  
( 1 2 )  Table  V I  shows t h e  f a t igue  l i v e s  p r e d i c t e d  f o r  t h e  v a r i o u s  s e c t i o n s  
o f  t h e  v e s s e l s .  
FRACTURE-MECHANICS ANALYSES 
Frac ture-mechanics  a n a l y s e s  were performed on t h e  same h i g h l y  s t r e s s e d  
areas on which f a t i g u e  a n a l y s e s  were performed.  Except f o r  t h e  c a n i s t e r - t o - w a l l  
j u n c t u r e  which cou ld  n o t  be f u l l y  i n s p e c t e d ,  t h e  i n i t i a l  flaw d e p t h s  used i n  
t h e s e  a n a l y s e s  came from t h e  n o n d e s t r u c t i v e  examina t ions  o f  t h e  v e s s e l s .  The 
s u r f a c e  l e n g t h  of t h e s e  flaws was c o n s e r v a t i v e l y  assumed t o  be 254 mm (10.0 i n . ) .  
For t h e  c a n i s t e r - t o - w a l l  j u n c t u r e ,  a c r a c k  having  a l e n g t h  e q u a l  t o  t h e  leg 
l e n g t h  o f  t h e  a t t achmen t  weld ,  t h a t  i s ,  12.7 mm (0 .50 i n . ) ,  and p e n e t r a t i n g  t h e  
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i n n e r  wall o f  t h e  v e s s e l  was assumed. A l l  flaws were assumed t o  be  o r i e n t e d  
normal t o  t h e  maximum stress d i r e c t i o n .  
Except f o r  t h e  upper  head-to-wall  and t h e  c a n i s t e r - t o - w a l l  j u n c t u r e s ,  t h e  
same t a n g e n t i a l  stresses were used f o r  t h e  f a t i g u e  and f r ac tu re -mechan ics  ana ly­
ses. For the two excepted  j u n c t u r e s ,  the  s t r e s s - c o n c e n t r a t i o n  f a c t o r s  used  i n  
t h e  f a t i g u e  a n a l y s e s  were deleted s i n c e  t h e  cracks were expec ted  t o  p ropaga te  
r a p i d l y  o u t  o f  t h e  r e g i o n s  affected by t h e  stress c o n c e n t r a t i o n s .  For s u r f a c e  
flaws exposed t o  i n t e r n a l  p r e s s u r e ,  t h e  maximum stress was estimated t o  e q u a l  
t h e  sum o f  t h e  t a n g e n t i a l  stress p l u s  t he  i n t e r n a l  p r e s s u r e  s i n c e  t h i s  p r e s s u r e  
acts d i r e c t l y  on t h e  crack s u r f a c e s  and f o r c e s  them apart .  The minimum stress 
f o r  t he  f r ac tu re -mechan ics  a n a l y s i s  was assumed t o  be  0 P a  ( 0  k s i ) .  
T a b l e  I1 i n  r e f e r e n c e  1 p r e s e n t s  t h e  f r a c t u r e - t o u g h n e s s  da ta  f o r  t h e  th ree  
s teels  i n  the  a i r  and methane s t o r a g e  v e s s e l s .  The f r a c t u r e  toughness  o f  these 
three s tee ls  d i d  n o t  decrease s i g n i f i c a n t l y  f o r  t e m p e r a t u r e s  r a n g i n g  from room 
tempera tu re  t o  about  244 K (-20' F). Consequent ly ,  s i n g l e ,  i n d i v i d u a l  v a l u e s  of  
f r a c t u r e  toughness  were used f o r  each s t e e l  i n  t h i s  t e m p e r a t u r e  r ange .  These 
s i n g l e ,  i n d i v i d u a l  v a l u e s  were s l i g h t l y  below t h e  e x p e r i m e n t a l l y  de te rmined  
v a l u e s  o f  f r a c t u r e  toughness  f o r  t h e  th ree  s tee ls  ( r e f .  1 ) .  No a n a l y s i s  was 
r e q u i r e d  o u t s i d e  t h i s  t e m p e r a t u r e  r ange .  
T a b l e  I11 i n  r e f e r e n c e  1 p r e s e n t s  t h e  f a t igue -c rack -g rowth  da ta  f o r  
t he  th ree  s tee ls .  For t h e  c a n i s t e r - t o - w a l l  j u n c t u r e ,  a n  e q u a t i o n  i n i t i a l l y  
deve loped  by Par i s  ( r e f .  7 )  was f i t t e d  t o  t h e  upper  bound o f  t h e  A .  0 .  S m i t h  
VMS 1146A data .  T h i s  e q u a t i o n  had t h e  form 
d a- = C 1  AKn 
dN 
where  
For a through f l aw i n  a r e l a t i v e l y  l a r c e  component, 
Kmax = (7 max \I.a ( 3 )  
and 
Equat ion  ( 1 )  was i n t e g r a t e d  i n  c l o s e d  form from t h e  i n i t i a l  f l aw  s i z e  t o  t h e  
c r i t i c a l  flaw s i z e .  T h i s  i n t e g r a t i o n  y i e l d e d  a f a t i g u e  l i f e  o f  approximate ly  
38 000 f u l l  p ressure  c y c l e s .  
For  t h e  remain ing  areas which  were a n a l y z e d ,  a n  e q u a t i o n  developed by  
Forman e t  a l .  ( r e f .  8 )  was f i t t e d  t o  t h e  uppe r  bounds of  t h e  A .  0 .  S m i t h  
VMS 5002 and ASTM A-225 Gr.B data .  T h i s  e q u a t i o n  has  t h e  form 
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da c2 AKm 

- =  

dN ( 1  - R ) K I e  - AK 

For t h e  s u r f a c e  flaws a t  t h e  remain ing  areas i n  t h e  v e s s e l s ,  a s o l u t i o n  devel­
oped by Newman ( r e f .  9)  was used t o  c a l c u l e t e  s t r e s s - i n t e n s i t y  f a c t o r s .  Newman's 
s o l u t i o n  had t h e  form 
ma 
max Omax JFMe ( 6 )  
and 
Equa t ion  ( 5 )  was n u m e r i c a l l y  i n t e g r a t e d  from t h e  i n i t i a l  flaw s i z e  t o  t h e  c r i t i ­
cal  f law s i z e .  T h i s  i n t e g r a t i o n  y i e l d e d  t h e  f o l l o w i n g  f a t i g u e  l i v e s  f o r  v a r i o u s  
areas of  t h e  v e s s e l s :  
Approximate f a t i g u e  l i f e ,  
f u l l  p r e s s u r e  c y c l e s ,  o f  
s t o r a g e  v e s s e l  f o r  -
Methane 
I 
Large nozz le  

Smal l  nozz le  2200 2200 

Head-to-wall j u n c t u r e  10500 

Table  VI1 summarizes t h e  da ta  used i n  c a l c u l a t i n g  these l i v e s .  
THERMAL ANALYSIS 
Vessel wal l  t e m p e r a t u r e s  were c a l c u l a t e d  f o r  a n  ex t reme t u n n e l  run  i n  o r d e r  
t o  de t e rmine  the rma l  stresses. The t e m p e r a t u r e s  a t  v a r i o u s  node p o i n t s  n e a r  t h e  
large n o z z l e  ( f i g s .  12 and 13) were c a l c u l a t e d  as a f u n c t i o n  o f  time by u s i n g  
t h e  lumped-parameter,  f i n i t e - d i f f e r e n c e  h e a t - t r a n s f e r  program o f  t h e  Mar t in  
I n t e r a c t i v e  Thermal A n a l y s i s  System ( r e f .  I O ) .  The mass-flow r a t e  f o r  t h e s e  
c a l c u l a t i o n s  was assumed t o  be c o n s t a n t  and e q u a l  t o  t h e  maximum mass-flow rate 
which t h e  v e s s e l s  e x p e r i e n c e  d u r i n g  any  run .  To c a l c u l a t e  these  t e m p e r a t u r e s  
i t  was n e c e s s a r y  t o  o b t a i n  r e l a t i o n s h i p s  between a i r  p r o p e r t i e s  and o t h e r  param­




Tirne-Dens i  t y  Rela t i o n s h i p  
For  a c o n s t a n t  mass f low,  t h e  r e l a t i o n s h i p  between time and d e n s i t y  i s  
g iven  by 
m 
Pa = Pi V T i  
P r e s s u r e  and Tempera ture  R e l a t i o n s h i p s  
Test d a t a  i n d i c a t e  t h a t  a i r  expans ion  i n  t h e  vessels i s  a p o l y t r o p i c  pro­
cess wi th  an  exponent  of 1 .13.  Fo r  p o l y t r o p i c  p r o c e s s e s  i n v o l v i n g  i d e a l  g a s e s ,  
t h e  r e l a t i o n s h i p s  f o r  p r e s s u r e  and t e m p e r a t u r e ,  r e s p e c t i v e l y ,  are  
and 
y -1 
Viscos i ty-Tempera ture  and Thermal Conduct iv i ty-Tempera ture  R e l a t i o n s h i p s  
The a i r  v i s c o s i t y  i s  assumed t o  be a f u n c t i o n  o f  t e m p e r a t u r e  o n l y  and i s  
g iven  i n  S I  u n i t s  by 
1.485 x Ta3'* 
1 - 1 =  Ta + 111.7  
and i n  U.S. Customary U n i t s  by 
The ac tua l  u n i t  f o r  Ta  i n  e q u a t i o n s  ( 1 1 )  i s  K (OR) and f o r  P is  kg/m-s 
( l b m / f t - s ) .  The a i r  the rma l  c o n d u c t i v i t y  Ka i s  a l s o  assumed t o  be a f u n c t i o n  
of t empera tu re  o n l y  and i s  g iven  i n  SI  u n i t s  by 
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Ka = 135911 
and i n  U.S. Customary U n i t s  by 
Ka 0 .325~1  (12b)  
The u n i t  f o r  Ka  i n  e q u a t i o n s  ( 1 2 )  is W/m-K (Btu/s-ft-OR). 
Average V e l o c i t y  as a Func t ion  o f  Dens i ty  and o f  
C r o s s - S e c t i o n a l  Area o f  Flow 
The a v e r a g e  v e l o c i t y  a t  any p l a n e  i n s i d e  t h e  v e s s e l  was de termined  from t h e  
f o l l o w i n g  e q u a t i o n  which i s  based on one-dimensional  f low:  
m v = - (13)  
PaAe 
The e q u i v a l e n t  c r o s s - s e c t i o n a l  area A f o r  nodes 1 t o  5 (see f i g .  12)  was t h e  
mean o f  t h e  c r o s s - s e c t i o n a l  area of  (a? t h e  a n n u l a r  r e g i o n  and ( b )  t h e  c i r c u l a r  
p l a n e  which i s  normal t o  t h e  v e s s e l  c e n t e r  l i n e  and c o n t a i n s  t h e  l o c a l  i n s i d e -
wall p o i n t s .  The e q u i v a l e n t  c r o s s - s e c t i o n a l  area f o r  nodes 6 ,  7 ,  and 22 t o  27 
was t h e  c r o s s - s e c t i o n a l  area of  t h e  f low passage  a t  t h e s e  p o i n t s .  (See  
f i g s .  12 and 13 . )  
De te rmina t ion  of  Reynolds Number 
The Reynolds  number i s  g i v e n  by t h e  e q u a t i o n  
P .vD 
NRe = 7 ( 1 4 )  
Hea t -Trans fe r  C o e f f i c i e n t  I n s i d e  t h e  Vessel 
An e q u a t i o n  developed by B a r t z  ( r e f .  1 1 )  t o  estimate t h e  h e a t - t r a n s f e r  
c o e f f i c i e n t s  is  
0.8 0 .4  UD 




The P r a n d t l  number Npr was assumed t o  be c o n s t a n t  and e q u a l  t o  0.8. The char­
ac te r i s t ic  dimension used i n  t h e  N u s s e l t  number NNu and Reynolds  number N R e .  
was t h e  l o c a l  i n s i d e  diameter o f  t h e  v e s s e l  D .  
Hea t -Transfer  C o e f f i c i e n t  f o r  O u t s i d e  t h e  Vessel 
The h e a t - t r a n s f e r  c o e f f i c i e n t  used f o r  t h e  o u t s i d e  o f  t h e  v e s s e l  i s  
WU 22.7 - u = 0.002 (16 )  
m2-K 
Table V I 1 1  p r e s e n t s  t h e  c a l c u l a t e d  t e m p e r a t u r e s  as a f u n c t i o n  o f  time a t  t h e  
v a r i o u s  p o i n t s  n e a r  t h e  nozz le .  The data i n  t h i s  t a b l e  were used  t o  c a l c u l a t e  
t he rma l  stresses. These thermal  stresses were used t o  c a l c u l a t e  t h e  v a r i a t i o n  
of combined the rma l  and p r e s s u r e  stress w i t h  time d u r i n g  a t u n n e l  run .  
WIND-INDUCED V I B R A T I O N  ANALYSIS 
The p o s s i b l e  effects  o f  wind-induced v i b r a t o r y  l o a d i n g s  on t h e  a i r  s t o r a g e  
v e s s e l s  were s t u d i e d ,  and t h e  r e s u l t s  o f  t h i s  s t u d y  are  summarized i n  t h i s  
secti o n .  
Problem C h a r a c t e r i z a t i o n  
Researchers have long  s t u d i e d  t h e  o s c i l l a t o r y  mot ions  of i s o l a t e d ,  s l e n d e r  
bod ie s  e x c i t e d  by aerodynamic f o r c e s .  These researchers have found t h a t  when 
l amina r  flow a t  a low Reynolds number deve lops  a c r o s s  c y l i n d e r s ,  a s o - c a l l e d  
K & m k  v o r t e x  s t reet  develops .  I n  t h i s  s t r ee t ,  v o r t i c e s  are p e r i o d i c a l l y  s h e d  
from a l t e r n a t e  s ides  o f  t h e  c y l i n d e r .  T h i s  v o r t e x  shedd ing  in t roduc . e s  p e r i o d i c  
f o r c e s  on t h e  c y l i n d e r  i n  t h e  l i f t  d i r e c t i o n .  I n  some i n s t a n c e s ,  t h e  f o r c e  
f requency  c o r r e s p o n d s  t o  t h e  n a t u r a l  f requency  o f  t h e  c y l i n d e r s .  I n  t h e s e  
i n s t a n c e s ,  l a rge -ampl i tude  o s c i l l a t i o n s  can deve lop  i n  l i g h t l y  damped s t r u c ­
t u r e s .  I n  a d d i t i o n ,  t h e  v o r t e x  s t r e e t  from one c y l i n d e r  can e x c i t e  l a r g e  o s c i l ­
l a t i o n s  i n  a downstream s t r u c t u r e  should  t h e  v o r t e x  f r equency  e q u a l  t h e  n a t u r a l  
f requency  o f  t h e  s t r u c t u r e .  
A n a l y s i s  
Re fe rences  12 and I 3  i n d i c a t e  t h a t  no p e r i o d i c  v o r t e x  shedd ing  o c c u r s  a t  
s i n g l e  and a t  some n e s t e d  c y l i n d e r s  f o r  Reynolds numbers between 3.3 x 105 and 
3.5 x 106 . The wind v e l o c i t i e s  co r re spond ing  t o  t h i s  Reynolds  number r ange  were 




charac te r i s t ic  
T u r b u l e n t  
Reynolds number 
r ange  
13.3 105 t o  3.5 x io6 
Corresponding wind-ve loc i ty  
r a n g e  
2.7 m / s  ( 6  mph) t o  28.6 m / s  (64  mph) 
Thus,  these c a l c u l a t i o n s  i n d i c a t e d  no p e r i o d i c  v o r t e x  shedd ing ,  and ,  conse­
q u e n t l y ,  no r e s o n a n t  o s c i l l a t i o n s  shou ld  occur  f o r  wind v e l o c i t i e s  between 2.7 
and 28.6 m / s  ( 6  and 64 mph). Although t h e  a i r  v e s s e l s  can  be e x c i t e d  by tu rbu­
l e n t  f low,  s u s t a i n e d  o s c i l l a t i o n s  would n o t  be expec ted .  Also,  from t h e  data 
g iven  i n  r e f e r e n c e  13 ,  t h e  uns t eady  l i f t  i n  t h e  Reynolds  number r ange  from 
3.3 x I O 5  t o  3 .5  x 106 a p p e a r s  t o  be wide-band random. 
For wind v e l o c i t i e s  exceeding  28.6 m/s (64  mph),  t h e  v o r t e x  shedd ing  fre­
quency must be compared w i t h  t h e  n a t u r a l  f r equency  of: t h e  v e s s e l  t o  de t e rmine  
whether r e sonance  can  occur .  The f r equency  of  t h e  Karmin v o r t e x  s t r ee t  i s  g i v e n  
by 
For wind v e l o c i t i e s  between 28.6 m / s  (64  mph) and 44.7 m / s  (100 mph) ,  t h e  
maximum v e l o c i t y  expec ted  a t  Langley ,  t h e  v o r t e x - s t r e e t  f r equency  r a n g e s  from 
3.49 t o  5.45 Hz. A mathematical model o f  t h e  v e s s e l s  was developed and t h e  
f i r s t -mode  n a t u r a l  f r equency  was c a l c u l a t e d .  F i e l d  measurements were a l s o  made 
t o  de te rmine  t h e  f i r s t -mode  n a t u r a l  f r equency  and damping r a t i o  o f  t h e  v e s s e l s .  
The measured damping r a t i o  and a comparison o f  t h e  c a l c u l a t e d  and measured 
n a t u r a l  f requencies f o11ow : 
1 I I 
T h i s  f i r s t -mode  f r equency  f a l l s  below t h e  v o r t e x - s h e e t  f r equency  r ange  from 
3.49 t o  5.45 Hz. A n a l y s i s  a l s o  shows t h a t  wind v e l o c i t i e s  i n  e x c e s s  o f  44.7 m / s  
(100  mph) are r e q u i r e d  t o  e x c i t e  h i g h e r  mode f r e q u e n c i e s .  Thus,  no r e s o n a n t  
o s c i l l a t i o n s  o f  t h e  v e s s e l s  are expec ted  f o r  t h e  wind-ve loc i ty  r ange  from 
28.6 m / s  ( 64  mph) t o  44.7 m / s  (100 mph).  
S t ruc tu ra l -Response  S t u d i e s  
As a c o n s e r v a t i v e  measure,  it was assumed t h a t  t h e  a i r  v e s s e l s  cou ld  be 
e x c i t e d  by r e g u l a r  v o r t e x  shedd ing .  By knowing t h e  s t r u c t u r a l  f r e q u e n c i e s ,  mode 
s h a p e s ,  and damping f o r  t h e  v e s s e l s ,  t h e  problem o f  s t e a d y - s t a t e  r e s p o n s e  due  t o  
19 
a p e r i o d i c  f o r c i n g  f u n c t i o n  was f o r m u l a t e d .  (See appendix  C . )  I n  g e n e r a l ,  t h i s  
approach  g i v e s  c o n s e r v a t i v e  r e s u l t s .  
Aerodynamic l i f t  c o e f f i c i e n t s  used f o r  t h e  a n a l y s i s  are  f u n c t i o n s  of  
Reynolds  number and were chosen  f o r  two cases. I n  t h e  f irst  case, t h e  s tagna­
t i o n  p r e s s u r e  ( i . e . ,  CL = 1 )  was used i n  d e v e l o p i n g  t h e  l a t e r a l  l o a d  d i s t r i b u ­
t i o n .  I n  t h e  second case, a v a l u e  of  CL = 0.32 was u s e d ,  based  on d a t a  g i v e n  
i n  r e f e r e n c e  13. The l a t t e r  v a l u e  i s  more r e a l i s t i c  and may even be s l i g h t l y  
c o n s e r v a t i v e .  The l o a d  d i s t r i b u t i o n  assumed f o r  t h e  a i r  v e s s e l s  is shown i n  
f i g u r e  14.  
Based on t h e  r e l a t i o n s h i p s  g i v e n  i n  appendix  C ,  t h e  p r e d i c t e d  r e s p o n s e  
charac te r i s t ics  o f  t h e  a i r  v e s s e l s  a l o n e  are  g i v e n  i n  f i q u r e  14 as a f u n c t i o n  
o f  wind v e l o c i t y .  Note t h a t  t h e  peak r e s o n a n t  d i s p l a c e m e n t  ( f o r  CL = 1 )  a t  
t h e  t i p  o f  t h e  v e s s e l  i s  small (15 .7  mm (0 .62  i n . ) )  compared w i t h  t h e  c y l i n d e r  
diameter (1778 mm ( 7 0  i n . ) ) .  A l s o ,  t h e  maximum bending  stress i n  t h e  s u p p o r t  
s k i r t  a t  r e s o n a n c e  i s  low (30.4 MPa ( 4 . 4  k s i ) ) .  These r e l a t i v e l y  low d i s p l a c e ­
ments  and s t resses  r e f l ec t  t h e  l a r g e - i n e r t i a  and l o a d - c a r r y i n g  c a p a b i l i t y  o f  
t h e  s u p p o r t  s t r u c t u r e .  C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  a i r  v e s s e l s  would remain 
u p r i g h t  i n  a s t e a d y  44.7-m/s (100-mph) wind b e c a u s e  of  t h e  r e s t o r i n g  moment due 
t o  weight .  Based on t h i s  a n a l y s i s ,  wind-induced o s c i l l a t i o n s  d o  n o t  appear t o  
be  a problem f o r  t h e  a i r  v e s s e l s .  
Stead y-\?I ind Consid e r  a t i o n s  
The s u p p o r t  s k i r t s  f o r  t h e  a i r  v e s s e l s  were d e s i g n e d  f o r  44.7-m/s (100-mph) 
winds. C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  a i r - v e s s e l  s k i r t s  c a n  w i t h s t a n d  much 
h i g h e r  s t e a d y  winds.  (See f i g .  15.)  Also,  t h e  t iedown b o l t s  and s u p p o r t  s l a b  
were found t o  be more t h a n  a d e q u a t e  f o r  4 4 . 7 - W ~  (100-mph) winds.  
Summary 
The a n a l y s e s  p r e s e n t e d  i n  t h i s  s e c t i o n  were p r e d i c a t e d  on a v a i l a b l e  i n f o r ­
mat ion  on t h e  vor tex-shedding  phenomenon and known s t r u c t u r a l  c h a r a c t e r i s t i c s .  
The problem deal t  w i t h  h e r e i n  i s  e x t r e m e l y  complex and there  are  many unknown 
aerodynamic e f f ec t s ,  f o r  example,  t h o s e  due t o  geometry and wind d i r e c t i o n .  
However, s u f f i c i e n t  i n f o r m a t i o n  was o b t a i n e d  f o r  a q u a n t i t a t i v e  a n a l y s i s  which 
i s  judged t o  be  a d e q u a t e  f o r  e n g i n e e r i n g  e v a l u a t i o n .  
DETERMINATION OF OPERATING ENVELOPES FOR THE 
A I R  A N D  METHANE STORAGE VESSELS 
Opera t ing  e n v e l o p e s  were developed f o r  b o t h  t h e  s t a t i c  and dynamic condi ­
t i o n s  of t h e  v e s s e l s  a s  fo l lows :  ( 1 )  t h e  v e s s e l s  under  i n t e r n a l  p r e s s u r e  of 
4 1 . 4  MPa (6000 p s i )  w i t h  no ,g,as f l o w ,  and ( 2 )  t h e  v e s s e l s  under  i n t e r n a l  pres­
s u r e  l e s s  t h a n  41..4 MPa (6000 p s i )  w i t h  gas flow. The d i s c u s s i o n  o f  these two 
c o n d i t i o n s  f o l l o w s .  
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The Vessels With No Gas Flow and P r e s s u r i z e d  t o  41 .4  MPa (6000 p s i )  
Four f a c t o r s  were c o n s i d e r e d  i n  deve lop ing  t h e  o p e r a t i n g  enve lope  for t h e  
v e s s e l s  w i t h  no g a s  f l o w  and p r e s s u r i z e d  t o  41.4 MPa (6000 p s i ) .  These f a c t o r s  
were: ( 1 )  t h e  Code, ( 2 )  t h e  t e s t  d a t a  on t h e  s tee l s  i n  t h e  vessels, ( 3 )  t h e  
f r ac tu re -mechan ics  a n a l y s e s ,  and ( 4 )  t h e  the rma l  a n a l y s i s .  
Code pa rag raph  AD-155 g i v e s  t h e  minimum-service t e m p e r a t u r e s  f o r  v e s s e l s  
f a b r i c a t e d  o f  s teels  l i k e  VMS 5002, VMS 1146A, and A-225 G r . B .  (The Code 
d e f i n e s  minimum-service t e m p e r a t u r e  as  t h e  l o w e s t  v e s s e l  metal t e m p e r a t u r e  a t  
which f u l l  o p e r a t i n g  p r e s s u r e  may be a p p l i e d . )  T h i s  paragraph  s ta tes  t h a t  t h e  
minimum-service t e m p e r a t u r e  f o r  t h e s e  t y p e s  o f  s tee l s  i s  t h e  t empere tu re  a t  
which t h e  s t ee l s  meet t h e  Charpy impact  a c c e p t a n c e  c r i t e r i a  of  Code para­
graph  AM-211.1. Tab le  V(a)  p r e s e n t s  t h e  t e m p e r a t u r e s  a t  which t h e  s t ee l s  were 
judged t o  meet t h e s e  c r i te r ia .  
Code pa rag raph  AM-312 p r e s e n t s  t h e  drop-weight  test  r e q u i r e m e n t s  f o r  cer­
t a i n  quenched and tempered s t ee l s .  These r e q u i r e m e n t s  do n o t  a p p l y  t o  f e r r i t i c  
s tee ls .  However, t h e s e  r e q u i r e m e n t s  can  be a p p l i e d  t o  t h e  v e s s e l  s teels  t o  pro­
v i d e  an a d d i t i o n a l  c o n s e r v a t i v e  i n d i c a t i o n  o f  minimum a l l o w a b l e  s e r v i c e  tempera­
t u r e .  Table  V(b)  p r e s e n t s  t h e  t e m p e r a t u r e s  a t  which t h e  s t ee l s  were judged t o  
meet t h e s e  r equ i r emen t s .  
From t h e  s e c t i o n  o f  t h i s  pape r  e n t i t l e d  "Frac ture-Mechanics  Ana lyses , "  t h e  
f rac ture  toughness  o f  t h e  th ree  s teels  was shown t o  be r e l a t i v e l y  c o n s t a n t  f o r  
temperatures r a n g i n g  from room t e m p e r a t u r e  t o  244 K (-20' F ) .  Consequent ly ,  
t h e  c y c l e s - t o - f a i l u r e  v a l u e s  c a l c u l a t e d  f o r  t h e  v e s s e l s  are v a l i d  f o r  tempera­
t u r e s  anywhere w i t h i n  t h i s  r ange .  The f r ac tu re -mechan ics  a n a l y s e s  may, t h e r e ­
f o r e ,  be cons ide red  t o  se t  a minimum tempera tu re  o f  244 K (-20' F)  f o r  t h e  
v e s s e l s .  
T h e  fo l lowing  t a b l e  summarizes t h e  minimum t e m p e r a t u r e s  f o r  each f a c t o r  
cons ide red  i n  deve lop ing  t h e  o p e r a t i n g  envelope:  
'Minimum a l l o w a b l e  t empera tu re  for f a c t o r  ­
~~ 
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By u s i n g  t h e  h i g h e s t  t e m p e r a t u r e  from t h i s  t a b l e  as t h e  gove rn ing  c r i t e r i o n ,  
t h e  judgment was made t h a t  t h e  a i r  and methane s t o r a g e  v e s s e l s  can  be  s a f e l y  
p r e s s u r i z e d  ( a t  41 .4  MPa (6000 p s i ) )  down t o  a n  ambient  t e m p e r a t u r e  of  255 K 
(0' F ) .  For an ambient  t e m p e r a t u r e  below 255 R (0' F ) ,  t h e  v e s s e l s  s h a l l  be 
d e p r e s s u r i z e d .  
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The Vessels With Gas Flow and P r e s s u r i z e d  t o  
Less Than 41 .4  MPa (6000 p s i )  
During t u n n e l  o p e r a t i o n s ,  t h e  methane-flow ra tes  are low and t h e  methane 
s t o r a g e  v e s s e l s  c o o l  a n e g l i g i b l e  amount. S i n c e  l i t t l e  c o o l i n g  o c c u r s ,  t he  
methane s t o r a g e  v e s s e l s  were judged t o  be  safe for f l o w  o p e r a t i o n s  down t o  
225 K (0' F ) .  
The s e c t i o n  o f  t h i s  pape r  e n t i t l e d  "Thermal A n a l y s i s "  showed t h a t  t h e  a i r  
s t o r a g e  v e s s e l s  can  c o o l  s i g n i f i c a n t l y  d u r i n g  t u n n e l  o p e r a t i o n s .  That sec­
t i o n  showed t h a t  a f t e r  a n  ex t r eme ,  2-minute t u n n e l  r u n ,  t h e  i n s i d e - s u r f a c e  
t e m p e r a t u r e s  of t h e  large n o z z l e s  can  d r o p  as  much as 11 K (20' F) . However, 
t h e  o u t s i d e - s u r f a c e  t e m p e r a t u r e s  o f  t he  n o z z l e s  are v i r t u a l l y  unchanged a f t e r  
t h e  2-minute run .  
The fo l lowing  r a t i o n a l e  was developed  t o  govern  t h e  a i r - s t o r a g e - v e s s e l  
o p e r a t i o n s  d u r i n g  s u c h  t u n n e l  r u n s :  
( 1 )  During t u n n e l  r u n s ,  t h e  i n s i d e - w a l l  t e m p e r a t u r e  s h a l l  be a l lowed t o  
d rop  below 255 K (0' F ) .  T h i s  a l lowance  i s  b e l i e v e d  r e a s o n a b l e  s i n c e  a n a l y s i s  
showed t h a t  t h e  combined p r e s s u r e  and thermal stress on t h e  i n s i d e  wall c o n t i n ­
uous ly  decreases d u r i n g  a t u n n e l  run .  
( 2 )  The t empera tu re  a t  t h e  t i p  o f  an  assumed c r i t i c a l - l e n g t h  crack s h a l l  
n o t  be al lowed t o  drop  below 255 K (0' F )  d u r i n g  a t u n n e l  run .  T h i s  a l l owance  
is  judged t o  be r e a s o n a b l e  s i n c e  tes t  data  ( r e f .  1 )  showed t h a t  t h e  f r a c t u r e  
toughness  o f  t h e  s t ee l s  d i d  n o t  va ry  s i g n i f i c a n t l y  w i t h  t empera tu re  down t o  
244 K (-20' F ) .  
A n a l y s i s  showed t h a t  f o r  a n  ex t reme,  2-minute t u n n e l  r u n ,  t h e  t empera tu re  
a t  the  t i p  of  a c r i t i c a l - l e n g t h  crack can d rop  as much a s  7 K (13' F ) .  By con­
s i d e r i n g  t h e  r e s u l t s  o f  t h i s  a n a l y s i s  and t h e  r a t i o n a l e  developed f o r  t h e  a i r  
s t o r a g e  v e s s e l s ,  t h e  f o l l o w i n g  o p e r a t i n g  r e s t r i c t i o n s  were adopted  f o r  t h e  
Langley 8 - foo t  h igh - t empera tu re  s t r u c t u r e s  t u n n e l :  
( 1 )  For ambient t e m p e r a t u r e s  g r e a t e r  t h a n  267 K (20° F ) ,  t h e  a i r  v e s s e l s  
may be  blown down w i t h o u t  r e s t r i c t i o n .  
(2) For  ambient t e m p e r a t u r e s  less  than  o r  e q u a l  t o  267 K (20' F ) ,  t h e  a i r  
v e s s e l s  may n o t  be blown down f o r  research p r o j e c t s .  T h i s  267 K (20' F)  
r e s t r i c t i o n  w i l l  a s s u r e  t h a t  t h e  t e m p e r a t u r e  a t  t h e  t i p  o f  a c r i t i c a l - l e n g t h  
crack w i l l  neve r  d rop  below 255 K (0' F ) .  
Thermal  Enc losu re  
F i g u r e  16 shows a thermal e n c l o s u r e  w h i c h ,  a s  a r e s u l t  o f  t h i s  recer t i f ica­
t i o n ,  has been b u i l t  around t h e  a i r  s t o r a g e  v e s s e l s .  The temperature i n s i d e  
t h i s  e n c l o s u r e  w i l l  a lways  be  k e p t  above 267 K (20' F )  s o  t h a t  t h e  a i r  s t o r a g e  




T a b l e  I X  p r e s e n t s  t h e  i n s p e c t i o n  p l a n  f o r  t h e  a i r  and methane s t o r a g e  
v e s s e l s .  These  i n s p e c t i o n s  are  b r i e f l y  d e s c r i b e d  a s  f o l l o w s :  
( 1 )  The large and small n o z z l e s  w i l l  be i n s p e c t e d  every  5 y e a r s  by u s i n g
UT-shear-wave t e c h n i q u e s .  I n  a d d i t i o n ,  t h e  one l a r g e  and two small n o z z l e s  
which produced l i n e a r  i n d i c a t i o n s  d u r i n g  UT i n s p e c t i o n  w i l l  be i n s p e c t e d  by 
u s i n g  PT t e c h n i q u e s .  
( 2 )  The head-to-wal l  j u n c t u r e  w i l l  be i n s p e c t e d  e v e r y  10 y e a r s  by u s i n g
UT-shear-wave t e c h n i q u e s .  
( 3 )  The c a n i s t e r - t o - w a l l  j u n c t u r e s  on two, p r e s e l e c t e d  a i r  s t o r a g e  v e s s e l s  
w i l l  be v i s u a l l y  i n s p e c t e d  e v e r y  5 y e a r s  by u s i n g  a f i b e r - o p t i c s  borescope .  
( 4 )  The three h e m i s p h e r i c a l  heads  which had i n d i c a t i o n s  o f  comple te  
l o s s  o f  back r e f l e c t i o n  s h a l l  be i n s p e c t e d  a t  a d e c r e a s i n g  f r e q u e n c y  by u s i n g  
UT-lon,gitudinal-wave t e c h n i a u e s .  A l l  d e l a m i n a t i o n s  l o c a t e d  d u r i n g  t h i s  inspec­
t i o n  w i l l  be o u t l i n e d  w i t h  p a i n t .  Subsequent  i n s p e c t i o n  w i l l  i n d i c a t e  whether  
f u r t h e r  d e l a m i n a t i o n  i s  occur r ine ; .  
C O N C L U D I N G  REMARKS 
Twelve a i r  s t o r a g e  v e s s e l s  and two methane s t o r a g e  v e s s e l s  a t  t h e  Langley 
Research C e n t e r  of t h e  N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  were 
r e c e n t l y  r e c e r t i f i e d .  T h i s  r e c e r t i f i c a t i o n  i n v o l v e d  ( a )  m o d i f i c a t i o n  o f  t h e  
v e s s e l s  t o  remove h i g h l y  s t r e s s e d  w e l d s ;  ( b )  h y d r o t e s t i n g  o f  t h e  modi f ied  ves­
s e l s ;  ( c )  i n s p e c t i o n  o f  t h e  v e s s e l s ;  ( d )  r e p a i r  o f  a l l  r e l e v a n t  d e f e c t s  l o c a t e d  
d u r i n g  t h e  i n s p e c t i o n ;  ( e >  comparison o f  t h e  v e s s e l  d e s i g n s  w i t h  t h e  d e s i g n  c r i ­
t e r i a  o f  S e c t i o n  V I I I ,  D i v i s i o n  2 ,  o f  t h e  1974 ASME Boi le r  and P r e s s u r e  Vessel 
Code; ( f >  f r a c t u r e - m e c h a n i c s ,  t h e r m a l ,  and wind-induced v i b r a t i o n  a n a l y s e s  o f  
t h e  v e s s e l s ;  and ( g )  development o f  o p e r a t i n g  e n v e l o p e s  and a f u t u r e  i n s p e c t i o n  
p l a n  f o r  t h e  v e s s e l s .  Fol lowing these m o d i f i c a t i o n s ,  a n a l y s e s ,  and tests,  
t h e  v e s s e l s  were r e c e r t i f i e d  f o r  o p e r a t i o n  a t  f u l l  d e s i g n  p r e s s u r e  ( 4 1 . 4  MPa 
(6000 p s i > >  w i t h i n  t h e  o p e r a t i n g  envelope  developed .  
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N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Hampton, V A  23665 

November 9 ,  1976 

2 3  

RPPEMDIX A 
CONVERSION OF S I  UNITS TO U.S. CUSTOMARY UNITS 
The I n t e r n a t i o n a l  System o f  U n i t s  ( S I )  was adop ted  by t h e  E leven th  General 
Conference on Weights and Neasures h e l d  i n  Par i s  i n  1960 ( r e f .  2 ) .  Conversion 
f a c t o r s  r e q u i r e d  f o r  u n i t s  used h e r e i n  a r e  g i v e n  i n  t h e  f o l l o w i n g  t a b l e :  
P h y s i c a l  q u a n t i t y  S I  Un i t  Convers ion  f a c t o r  U.S. Customary 
U n i t  
Force  newton ( h i )  0.2248 l b f  
Length meter (m) 0.3937 x IO2 i n .  
S t r e s s  
Frequency 
pascal ( P a )  
h e r t z  (Hz) 
0.145 
60 
k s i  
cpm 
T ein p eratu r  e k e l v i n  (K) -9 K - 459.7 
5 
O F  
Mass k i logram ( k g )  2.205 lbm 
P r e f i x e s  and symbols  t o  i n d i c a t e  m u l t i p l e s  o f  u n i t s  a r e  a s  fo l lows:  
I M u l t i p l e  Symbol 
m 






ASME CODE COMPARISONS 
The d e s i g n s  o f  t h e  v e s s e l s  were compared w i t h  t h e  d e s i g n  c r i t e r i a  of 
S e c t i o n  V I I I ,  D i v i s i o n  2 ,  o f  t h e  1974 ASME Boi le r  and P r e s s u r e  Vessel Code 
( r e f .  3 ) .  T h i s  appendix  p r e s e n t s  t h e  d e t a i l s  o f  t h e s e  compar isons .  
The Code l ists  numerous a l t e r n a t i v e  r e q u i r e m e n t s  and e x c e p t i o n s  t o  its 
requ i r emen t s .  For c l a r i t y ,  o n l y  t h e  r e q u i r e m e n t s  used  i n  a n a l y z i n g  t h e  ves­
s e l s  s h a l l  b e  a d d r e s s e d  h e r e i n .  
Materia1s 
~~~T e n s i l e  and chemical p r o p e r t i e s . - No tes t  material was a v a i l a b l e  from t h e  
o r i g i n a l  VMS 5002,  VMSTl46A, and ASTM A-225 G r . B  s tee l s  used  f o r  c o n s t r u c t i o n .  
Consequen t ly ,  new material was p rocured  f o r  t e s t i n g .  Tab le  X shows a comparison 
between t h e  t e n s i l e  and chemica l  p r o p e r t i e s  o f  t h e  new s teels  t e s t e d  ( r e f .  1 )  
and t h e  p r o p e r t i e s  (from t h e  o r i g i n a l  d a t a  s h e e t s )  o f  t h e  s t e e l s  i n  t h e  a i r  and 
f u e l  s t o r a g e  v e s s e l s .  G e n e r a l l y ,  t h e  p r o p e r t i e s  o f  t h e  s tee l s  t e s t e d  matched 
t h o s e  o f  t h e  s t ee l s  i n  t h e  v e s s e l s  q u i t e  we l l .  T a b l e  X a l so  shows t h e  s p e c i f i e d  
minimum t e n s i l e  s t r e n g t h s  f o r  t h e  t h r e e  s tee l s .  The u l t i m a t e  t e n s i l e  s t r e n g t h  
o f  t h e  VMS 1146A t e s t ed  was s l i g h t l y  below t h e ‘ s p e c i f i e d  minimum t e n s i l e  
s t r e n g t h .  However, t h i s  s l i g h t  d i f f e r e n c e  was n o t  expec ted  t o  a f fec t  t h e  t e s t  
r e s u l t s  s i g n i f i c a n t l y .  O f  t h e  t h r e e  s t ee l s  i n  t h e  p r e s s u r e  v e s s e l ,  o n l y  t h e  
A-225 G r . B  is  Code approved ( r e f .  3 ) .  
Charpy V-notch impact  p r o p e r t i e s . - T a b l e  AM-211.1 o f  t h e  Code ( r e f .  3 )  
p r e s e n t s  t h e  minimum Charpy V-notch impa.ct r e q u i r e m e n t s  f o r  ca rbon  and low-
a l l o y  s t e e l s  ( s u c h  
t ab le  AM-211.1 w i t h  





as VMS 5002,  V M S  1146A, and A-225 G r . B ) .  Comparison o f  
t a b l e  X o f  t h i s  r e p o r t  y i e l d s  t h e  f o l l o w i n g  impact  r e a u i r e ­
s t ee l s :  
Spec? f i e d  minimum 
t e n s i l e  s t r e n g t h  
MPa k s i  
64 1 93 
724 105 
517 75 
Requi red  C v N  or le a t  minimum 
s e r v i c e  t e m p e r a t u r e  
Average f o r  t h ree  spec imens ;-

CyN 2 27.1 N-m (20 f t - l b )  

Minimum f o r  one  specimen;  
CVN 20 .3  N-m (15 f t - l b )  
Minimum f o r  t h r e e  spec imens ;  
‘e -I 0.38 mm (0.015 i n . )  
Average f o r  th ree  spec imens ;-
> 20 .3  N-m (15  f t - l b )CyN = Minimum f o r  one  specimen;  
‘VN = 16 .3  N-m (12 f t - l b )  
25 
APPENDIX B 
Table V o f  r e f e r e n c e  1 p r e s e n t s  t h e  Charpy impact r e s u l t s  f o r  VMS 5002. 
The C v  a t  255 K (0' F) is 22 N-m (16 f t - l b f )  and a t  244 K (-20' F )  is 34 N-m. 
(25 f t -Ybf ) .  The data p o i n t  from 244 K (-20' F) c a n  be t r a n s l a t e d  t o  255 K 
(0' F) t o  g i v e  an ave rage  C o f  28 N-m (20.5 f t - l b f )  and a minimum C v N  o f  
22 N-m (16 f t - l b f ) '  a t  255 K ?lo F) . These a v e r a g e  and minimum v a l u e s  exceed t h e  
impact  r equ i r emen t s  i n  t h e  p reced ing  table .  The a v e r a g e  CVN i s  based on two 
rather than  t h r e e  specimens.  However, t h e  c o n s e r v a t i v e  pract ice  o f  t r a n s l a t i n g  
t h e  data p o i n t  from 244 K (-20' F )  t o  255 K (0' F )  i s  judged  t o  compensate  f o r  
t h e  lack of  one data p o i n t  i n  c a l c u l a t i n g  t h e  a v e r a g e  CVN. Thus,  t h e  CvN 
data are judged t o  show t h a t  the  VMS 5002 s t e e l  meets t h e  Code impact r e q u i r e ­
ments  a t  255 K ( O o  F ) .  
Tab le  V of r e f e r e n c e  1 a l s o  p r e s e n t s  t h e  Charpy impac t  resul ts  f o r  
VMS 1146A. The le a t  255 K (0' F) i s  0.53 mm (0.021 i n . )  and a t  244 K 
(-20' F )  is 0.69 mm (0.027 i n . ) .  I f  t h e  da ta  p o i n t  a t  244 K (-20' F )  i s  t r a n s ­
la ted t o  255 K (0' I?), t h e  ave rage  le is  0.61 mm (0.024 i n . )  which exceeds  
t h e  impact r equ i r emen t s  i n  t h e  p reced ing  tab le .  T h i s  a v e r a g e  le' Value i s  a l s o  
based on two rather than  three spec imens ,  bu t  a g a i n  t h e  c o n s e r v a t i v e  p rac t i ce  o f  
t r a n s l a t i n g  t h e  data p o i n t  a t  244 K (-20' F )  t o  255 K (0' F )  i s  judged t o  com­
p e n s a t e  f o r  t h e  lack o f  one data p o i n t .  T h u s ,  t h e  2 data on VMS 1146A a re  
judged  t o  meet t h e  Code impact  r equ i r emen t s  a t  255 K YOo F ) .  
Table  V o f  r e f e r e n c e  1 a l s o  p r e s e n t s  t h e  Charpy impact  r e s u l t s  f o r  
A-225 G r . B .  The data p o i n t s  from 228 K (-50' F) and 233 K (-40' F) can  be 
t r a n s l a t e d  t o  239 K (-30' F) t o  g i v e  an  a v e r a g e  CVN o f  28 N-m (21  f t - l b f )  and 
a minimum CVN of 27 N-m (20 f t - l b f ) .  These a v e r a g e  and minimum v a l u e s  exceed 
t h e  impact r equ i r emen t s  i n  t h e  p reced ing  t a b l e .  T h u s ,  A-225 G r . B  meets t h e  
impact  r equ i r emen t s  o f  t h e  Code a t  239 K (-30° F ) .  
. ~~ _I_Drop-weight r equ i r emen t s . - Code paragraph AM-312 ( r e f .  3 )  p r e s e n t s  t h e  
drop-weight t e s t  r equ i r emen t s  f o r  c e r t a i n  quenched and tempered s teels .  Para­
g raph  AM-312 r e q u i r e s  t h a t  bo th  o f  t w c  t e s t  spec imens  meet t h e  "no-break" c r i ­
t e r i o n  a t  t h e  minimum s e r v i c e  t empera tu re .  The V M S  5002, VMS 1146A, and 
A-225 G r . B  materials are n o t  quenched and tempered  s tee l s ;  consequen t ly ,  para­
graph AM-312 would n o t  a p p l y .  N e v e r t h e l e s s ,  t h i s  c r i t e r i o n  can  be a p p l i e d  t o  
these s tee ls  t o  p r o v i d e  an  a d d i t i o n a l  c o n s e r v a t i v e  i n d i c a t i o n  of t h e  minimum 
a l l o w a b l e  s e r v i c e  t empera tu re  f o r  t h e  t h ree  s t e e l s .  T a b l e  V I  o f  r e f e r e n c e  1 
p r e s e n t s  t he  r e s u l t s  o f  t h e  drop-weight tes ts  on t h e  VkS 5002 and A-225 Gr.B 
specimens.  Three VMS 5002 specimens met t h e  "no-break" c r i t e r i o n  a t  255 K 
(0' F), and two A-225 G r . B  specimens met t h e  'sno-breakll  c r i t e r i o n  a t  247 K 
(-15' F). T h u s ,  by u s i n g  t h e  c r i t e r i o n  of  paragraph AM-312, V M S  5002 may be 
used i n  s e r v i c e  a t  255 K (0' F )  and A-225 G r . B  may be used a t  247 K (-15' F). 
A lack of material p rec luded  drop-weight  t e s t i n g  the  VMS 1146A. However, 
f o r  t e m p e r a t u r e s  above 239 K (-30' F), t h e  VMS 1146A absorbed  t h e  h i g h e s t  ene r ­
g ies  i n  t h e  Charpy impact tests.  (See table  V o f  r e f .  1 . )  Consequent ly ,  
V M S  1146A would be expec ted  t o  meet t h e  "no-break" c r i t e r i o n  a t  even lower  
temperatures i n  a drop-weight t e s t  (which i s  a l s o  an  impact  t e s t )  t h a n  e i t h e r  




Code Design Comparisons 
Code appendix  I ( r e f .  3 )  p r e s e n t s  t h e  b a s i s  f o r  e s t a b l i s h i n g  d e s i g n  stress-
i n t e n s i t y  v a l u e s .  I f  t h e  gove rn ing  Code b a s i s ,  t h a t  i s ,  
is  a p p l i e d  t o  t h e  v e s s e l  head ,  s h e l l ,  and n o z z l e  materials,  t h e  Sm v a l u e s  i n  
t a b l e  X I  r e s u l t .  Tab le  X p r e s e n t s  t h e  au,,-,in v a l u e s  f o r  t h e  t h r e e  s tee l s .  
C y l i n d r i c a l  walls away from head j u n c t u r e  .- Code pa rag raph  4-222 ( a )  pre­
~~~ 
s e n t s  t h e  e q u a t i o n  f o r  t h e  g e n e r a l ,  p r imary ,  membrane stress i n t e n s i t y  i n  a 
p r e s s u r i z e d  c y l i n d r i c a l  s h e l l .  T h i s  e q u a t i o n  h a s  t h e  form 
Pr in  p 
(B2)- - + -
SP,m - t 2 
Code pa rag raph  4-222(b)  p r e s e n t s  t h e  e a u a t i o n  f o r  t h e  maximum v a l u e  o f  t h e  
pr imary-p lus-secondary  stress i n t e n s i t y  i n  a p r e s s u r i z e d  c y l i n d r i c a l  s h e l l .  
T h i s  e a u a t i o n  h a s  t h e  form 
y,2 
sp,s = 2P 
Yr2 - 1 
Cons ide r  first t h e  a i r  s t o r a g e  v e s s e l s .  S u b s t i t u t i n g  i n t o  e q u a t i o n  (B2) 
from t a b l e  I y i e l d s  
T a b l e  X I 1  p r e s e n t s  t h e  maximum a l l o w a b l e  v a l u e  o f  t h e  g e n e r a l ,  p r imary ,  mem­
b rane  stress i n t e n s i t y  f o r  V M S  1146A, 
Sp,m,max 241 MPa (35 .0  k s i )  (B5) 
Thus, 
and t h e  c y l i n d r i c a l  walls of t h e  a i r  storage v e s s e l s  a re  o v e r s t r e s s e d  a c c o r d i n g  
t o  t h e  Code. 
S u b s t i t u t i n g  v a l u e s  from t a b l e  I i n t o  e q u a t i o n  ( B 3 )  y i e l d s  




Table  X I 1  a l s o  p r e s e n t s  t h e  maximum a l l o w a b l e  v a l u e  o f  t h e  pr imary-p lus-secondary  
stress i n t e n s i t y  for  V M S  1146A as  
'p,s,max = 724 MPa (105 k s i )  
Thus,  t h e  pr imary-plus-secondary s t r e s s - i n t e n s i t y  r equ i r emen t  o f  t h e  Code i s  
met. 
Cons ider  n e x t  t h e  methane s t o r a g e  v e s s e l s .  S u b s t i t u t i n g  v a l u e s  from 
t a b l e  I V  i n t o  e q u a t i o n  (B2) y i e l d s  
From t a b l e  X I 1  f o r  VMS 1146A, 
Sp ,m ,  max = 241 MPa (35.0 k s i )  (B10) 
and 
Sp,m ' Sp,m,max (Bll) 
Thus, t h e  c y l i n d r i c a l  wal ls  o f  t h e  methane s t o r a g e  v e s s e l s  a re  a l s o  s l i g h t l y  
o v e r s t r e s s e d  a c c o r d i n g  t o  t h e  Code. 
S u b s t i t u t i o n  o f  v a l u e s  from t a b l e  I V  i n t o  e q u a t i o n  (B3) y i e l d s  
sP ,S  
301 MPa (43.6 k s i )  (F12) 
From t a b l e  X I 1  f o r  VMS 1146A, 
S p ,  s ,  max = 724 MPa (105.0 k s i )  
Thus, t h e  pr imary-plus-secondary s t r e s s - i n t e n s i t y  r equ i r emen t  of t h e  Code i s  met. 
For  both  t h e  a i r  and methane s t o r a g e  v e s s e l s ,  t h e  amount by which S p , m
exceeds Sp maq i s  judged t o  be t o o  small t o  a f f e c t  t h e  s t r u c t u r a l  i n t e g r i t y
o f  t h e  v e s s k l b  s i g n i f i c a n t l y .  
~.S p h e r i c a l  head away from wall j u n c t u r e  and nozz le s . - Code paragraph  4-322(a) 
p r e s e n t s  t h e  e q u a t i o n  f o r  t h e  g e n e r a l ,  p r imary ,  membrane stress i n t e n s i t y  i n  a 






sP , m  = 0.75p Y r 3  - 1 
(B14) 
Code pa rag raph  4-322(b) p r e s e n t s  t h e  e q u a t i o n  fo r  t h e  maximum v a l u e  o f  t h e  
pr imary-p lus-secondary  stress i n t e n s i t y  i n  a p r e s s u r i z e d  s p h e r i c a l  s h e l l .  T h i s  
e q u a t i o n  h a s  t h e  form 
= 1.5P (B15) 
sP,S Y r 3  - 1 
Comparison of t a b l e s  I and I V  i n d i c a t e s  t h a t  t h e  p and Y p  v a l u e s  f o r  t h e  
a i r  and 'me thane  s t o r a g e  v e s s e l s  are t h e  same. Consequent ly ,  one  set  of c a l c u l a ­
t i o n s  i s  v a l i d  fo r  b o t h  t y p e s  o f  v e s s e l s .  
S u b s t i t u t i o n  o f  v a l u e s  from t a b l e  I i n t o  e q u a t i o n  (B14) y i e l d s  
sP , m  = 155 MPa (22 .5  k s i )  (B16) 
A s  b e f o r e ,  t h e  a l l o w a b l e  v a l u e  o f  Sp,m i s  Sy,m,max. From t a b l e  X I 1  f o r  
A-225 G r . B ,  
Sp, m ,max = 172 MPa (25  k s i )  
Thus ,  t h e  s p h e r i c a l  heads  of  t h e  a i r  and methane s t o r a g e  v e s s e l s  meet t h e  
g e n e r a l ,  p r imary ,  membrane s t r e s s - i n t e n s i t y  r equ i r emen t  of  t h e  Code. 
S u b s t i t u t i n g  v a l u e s  from t a b l e  I i n t o  e q u a t i o n  (B15) y i e l d s  
s P , s  186 MPa (27 .0  k s i )  (B18) 
From t a b l e  X I 1  f o r
A s  b e f o r e ,  t h e  a l l o w a b l e  v a l u e  o f  SPls i s  Sp,s ,max.A-225 G r . B ,  
S p ,  s ,max = 517 MPa (75.0 k s i )  (B19) 
Thus,  t h e  s p h e r i c a l  heads  of  t h e  a i r  and methane s t o r a g e  v e s s e l s  meet t h e  
pr imary-p lus-secondary  s t r e s s - i n t e n s i t y  r equ i r emen t  o f  t h e  Code. 
Head-to-wall j u n c t u r e s . - The s t resses  a t  t h e  head-to-wal l  j u n c t u r e s ,  which 
were c a l c u l a t e d  by u s i n g  a d i s c o n t i n u i t y  a n a l y s i s  c o n s i s t e n t  w i t h  t h e  p rocedures  
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o u t l i n e d  i n  Code a r t i c l e  4-7, are l i s t e d  i n  t ab le  X I I I .  ( I n  c a l c u l a t i n g  these 
stresses, E and v were assumed t o  e q u a l  207 GPa (30 x IO3 k s i )  and 0 . 3 ,  . 
r e s p e c t i v e l y . )  
Cons ider  f irst  t h e  wall stresses a t  t h e  j u n c t u r e .  Code paragraph 4-132 
s ta tes  t h a t  t h e  l o c a l  membrane stress i n t e n s i t y  S, i s  d e r i v e d  from t h e  
ave rage  v a l u e s  of t h e  stresses a c r o s s  t h e  v e s s e l  t h i c k n e s s .  (These stresses 
i n c l u d e  stresses due t o  d e s i g n  p r e s s u r e  and s p e c i f i e d  mechanica l  l o a d s ,  b u t  
exc lude  a l l  thermal and peak stresses.) From table  X I I I ,  t h e  a v e r a g e  v a l u e s  o f  
t h e  stresses a t  t h e  j u n c t u r e  are 
-	 Ut,o + '%,in 
a t  
2 
= 181 MPa (26 .3  k s i )  (B20 1 
-	 (5 2,o + '2 , in  
= 105 MPa (15 .2  k s i )
u2 = 2 
The l o c a l  membrane stress i n t e n s i t y  S,,, i s  g i v e n  by 
- ­
'E,, = at - ur = 183 - ( -21)  = 204 MPa (29 .6  k s i )  (B23) 
T a b l e  X I 1  p r e s e n t s  t h e  maximum a l l o w a b l e  v a l u e  o f  t h e  l o c a l  membrane stress 
i n t e n s i t y  f o r  VMS 1146A as 
SE,m,max = 362 MPa (52 .5  k s i '  
Thus, t he  l o c a l  membrane s t r e s s - i n t e n s i t y  r equ i r emen t  of t h e  Code f o r  t h e  w a l l  
i s  met a t  t h e  j u n c t u r e .  
Code paragraph  4-134 s ta tes  t h a t  t h e  pr imary-plus-secondary stress i n t e n -
S i t Y  sp, is  d e r i v e d  from t h e  h i g h e s t  v a l u e  o f  t h e  combined, l o c a l ,  p r imary  
membrane s t resses ,  t h e  pr imary bending stresses, and t h e  secondary  stresses. 
(These  combined stresses i n c l u d e  stresses due  t o  d e s i g n  p r e s s u r e ,  c e r t a i n  
spec i f i ed  mechanical  l o a d s ,  g e n e r a l  thermal g r a d i e n t s ,  and g r o s s  s t r u c t u r a l  
d i s c o n t i n u i t i e s . )  T a b l e  X I 1 1  g i v e s  these stresses a t  t h e  j u n c t u r e .  A n a l y s i s
of t h i s  t ab l e  i n d i c a t e s  t h a t  t h e  h i g h e s t  v a l u e  of Sp,s o c c u r s  a t  the  i n s i d e  
s u r f a c e  of t h e  wall. T h i s  h i g h e s t  v a l u e  i s  g i v e n  by 
sP, S = ut,in - = 251 MPa (36 .4  ksi) (B25) 
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Prom t a b l e  X I 1  f o r  VHS 1146A, 
S p ,  s ,  max 724 MPa ( 105 k s i )  (ti261 
Thus,  t h e  pr imary-plus-secondary s t r e s s - i n t e n s i t y  r e q u i r e m e n t  of t h e  Code f o r  
t h e  wal l  i s  met a t  t h e  j u n c t u r e .  
Next,  c o n s i d e r  t h e  head stresses a t  t h e  j u n c t u r e .  From t a b l e  X I I I ,  t h e  
a v e r a g e  v a l u e s  o f  t h e  head stresses a t  t h e  j u n c t u r e  are  
-
J t  = Ut , o  + ‘ t , i n  = 192 MPa (27.9 k s i )  (B27
2 
a-
‘ 1 1  = ~ 
2,0 + 0 2 , i n  
123 MPa ( 1 7 . 8  k s i )
2 
- iJ r , o  + ‘r , i n  
( J =  
r 2 
-21 MPa ( -3  k s i )  
The l o c a l  membrane stress i n t e n s i t y  SR, , ,  i s  g i v e n  by 
From t a b l e  X I 1  f o r  A-225 G r . B ,  
Sg,  m ,max = 259 PiPa ( 3 7 . 5  k s i )  (B31) 
Thus,  t h e  l o c a l  membrane s t r e s s - i n t e n s i t y  r e q u i r e m e n t  o f  t h e  Code f o r  t h e  head 
is met a t  t h e  j u n c t u r e .  
A n a l y s i s  o f  t a b l e  X I 1 1  i n d i c a t e s  t h a t  t h e  h i g h e s t  v a l u e  o f  o c c u r s  
a t  t h e  i n s i d e  s u r f a c e  o f  t h e  head.  T h i s  h i g h e s t  v a l u e  i s  g i v e n  byS P , .  
S p , s  = ‘ t , i n  - Ur , i n  = 201 - ( -41)  242 MPa (35.1 k s i )  (B32) 
From t a b l e  X I 1  f o r  A-225 G r . B ,  




Thus, t h e  pr imary-plus-secondary s t r e s s - i n t e n s i t y  r equ i r emen t  f o r  t h e  head i s  
met a t  t h e  j u n c t u r e .  
Area o f  r e i n f o r c e m e n t  f o r  noz,zles . - Code pa rag raph  AD-520(a) p r e s e n t s  t h e  
e q u a t i o n  f o r  c a l c u l a t i n g  t h e  area o f  r e i n f o r c e m e n t  r e q u i r e d  f o r  openings  i n  
i n t e r n a l l y  p r e s s u r i z e d  she l l s  and formed heads.  T h i s  e q u a t i o n  i s  
AR,min = Dinth,min F (B34) 
where F = 1 f o r  t h e  n o z z l e s  i n  t h e  a i r  and methane s t o r a g e  v e s s e l s .  
T h e r e f o r e ,  
Cons ide r ,  f i rs t ,  t h e  large n o z z l e  on t h e  a i r  s t o r a g e  v e s s e l .  From 
t ab le  I ,  
D~~ = 165 mm ( 6 . 5  i n . )  (B36 1 
Code paragraph AD-202(a) p r e s e n t s  t h e  e q u a t i o n  f o r  t h e  r e q u i r e d  head t h i c k n e s s  
By s u b s t i t u t i n g  v a l u e s  from t a b l e  I ,  
th,min 97 mm (3 .83  i n . )  
Thus, 
AR, min = Dinth,min 0.0161 m2 (24.9 i n 2 )  (B39) 
A g raphica l  s o l u t i o n  f o r  t h e  a v a i l a b l e  area o f  r e in fo rcemen t  A R  was per­
formed w h i l e  o b s e r v i n g  t h e  l i m i t s  of r e i n f o r c e m e n t  s p e c i f i e d  i n  code paragraph 
AD-540. T h i s  s o l u t i o n  showed 





Because t h e  Code r equ i r emen t  f o r  area r e i n f o r c e m e n t  was n o t  m e t ,  t h e  t a n ­
g e n t i a l  stresses i n  t h e  mod i f i ed  n o z z l e  area were i n t e r p o l a t e d  from t h e  r e s u l t s  
o f  t h e  f i n i t e - e l e m e n t  stresses a n a l y s i s  on t h e  o r i g i n a l  n o z z l e  ( f i g .  3 ) .  Fig­
u r e  17 shows t h e s e  i n t e r p o l a t e d  s t resses  and i n d i c a t e s  t h a t  t h e  average tangen­
t i a l  stress i s  a p p r o x i m a t e l y  
-

u t  = 241 MPa (35 k s i )  (B41) 

The a v e r a g e  r a d i a l  stress i s  due  t o  i n t e r n a l  p r e s s u r e  and i s  g i v e n  by 
- -41 + 0 
ur 2 
= -21 MPa (-3 k s i )  (B42 1 
The l o c a l  membrane stress i n t e n s i t y  S R , ~i s  g i v e n  by 
From t a b l e  X I 1  f o r  VMS 5002,  
SE,m,max - 321 MPa (46 .5  k s i )  (B44) 
Thus, t h e  l o c a l  membrane s t r e s s - i n t e n s i t y  r equ i r emen t  o f  t h e  Code f o r  t h e  l a r q e  
n o z z l e  is met. 
A n a l y s i s  of f i g u r e  17 shows t h a t  t h e  maximum t a n g e n t i a l  stress o c c u r s  a t  
t h e  i n s i d e  s u r f a c e  and i s  a p p r o x i m a t e l y  
(5t , i n  = 303 PiPa (44  k s i )  (E451 
The maximum rad ia l  stress, which i s  due t o  t h e  i n t e r n a l  p r e s s u r e ,  a l s o  o c c u r s  
a t  t h e  i n s i d e  s u r f a c e  and i s  g i v e n  by 
‘r ,i n  = -41 MPa (-6 k s i )  (B46 
For t h e  l a r g e  n o z z l e ,  t h e  peak stress i n t e n s i t y  i s  g i v e n  by 





T h i s  peak stress i n t e n s i t y  can  be used as a c o n s e r v a t i v e  estimate o f  
Sp,ss ince,  by d e f i n i t i o n  ( s e e  Code f i g .  4-130.11, 
2 S '
sP - P,S  
It was assumed, t h e r e f o r e ,  t h a t  
sP ,S  = Sp = 345 MPa ( 5 0  k s i )  
From t a b l e  X I 1  for VMS 5 0 0 2 ,  
'p ,s ,max = 641 MPa (93  k s i )  ( E 5 0  
Thus,  t h e  l a r g e  n o z z l e  a l s o  meets t h e  pr imary-p lus-secondary  s t r e s s - i n t e n s i t y  
requi rement  o f  t h e  Code. S i n c e  t h e  l a r g e  n o z z l e s  on t h e  a i r  s t o r a g e  v e s s e l s  met 
t h e  Code r e q u i r e m e n t s  f o r  bo th  l o c a l  membrane stress i n t e n s i t y  and pr imary-plus­
secondary  stress i n t e n s i t y ,  t h e  l a c k  o f  Code-required area r e i n f o r c e m e n t  was 
judged not  t o  compromise t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  v e s s e l s .  
Cons ider  n e x t  t h e  large n o z z l e  on t h e  methane s t o r a g e  v e s s e l .  From 
t a b l e  I V ,  
Din = 61.3  mm ( 3 . 2  i n . )  (E51  
By use of e q u a t i o n  (E381 o f  t h i s  r e p o r t ,  
AR,min = Dinth,min 0 .0079 m2 (12 .3  i n 2 )  
A g r a p h i c a l  s o l u t i o n  f o r  t h e  a v a i l a b l e  area o f  r e i n f o r c e m e n t  showed 
A R  = 0.0145 m2 (22.44 i n 2 )  (E53 ) 
and t h a t  a l l  o f  t h e  o t h e r  r equ i r emen t s  o f  Code pa rag raphs  AD-501 th rough AD-550 
were met. 
Cons ider  n e x t  t h e  small  n o z z l e s  on t h e  a i r  and methane s t o r a g e  v e s s e l s .  
Code paragraph  AD-510 p r e s e n t s  t h e  requirements f o r  c i r c u l a r  open ings  no t  
r e q u i r i n g  r e i n f o r c e m e n t .  For t h e  a i r  and f u e l  s t o r a g e  v e s s e l s ,  r e in fo rcemen t  




'in < O e 2  J rm,h tn ,h  
and 
a ' 2.5 Jrm,htn,h 
From t a b l e s  I and I V ,  
Din = 50.8  mm ( 2 . 0  i n . )  
S u b s t i t u t i n g  i n t o  t h e  r i g h t  s i d e  o f  i n e q u a l i t y  (B54) ,gives  
O a 2  J rm,htn,h = 61.0 mm ( 2 . 4  i n . )  
Thus,  
The minimum v a l u e  of R is g iven  by 
' r in ,  h
II = -
2 
= 1 .20  m ( 4 7 ; l  i n . )  
S u b s t i t u t i n g  i n t o  t h e  r i g h t  s i d e  o f  i n e q u a l i t y  (B55) g i v e s  
* s 5  \ j rm,htn,h = 762 mm (30 .0  i n . )  
Thus,  







Consequent ly ,  t h e  r e q u i r e m e n t s  o f  Code paragraph  D-510 a r e  met, and t h e r  i s  
no requi rement  f o r  r e i n f o r c e m e n t  o f  t h e  small n o z z l e s .  
F langes . - Code pa rag raph  AD-711 s t a t e s  t h a t  f l a n g e s  conforming t o  USAS 
B16.5-1968 on s teel  p i p e  f l a n g e s  and f l anged  f i t t i n g s  ( r e f .  14)  are  a c c e p t a b l e .  
It  i s  s t a t e d  by USAS B16.5-1968 ( r e f .  14)  t h a t ,  f o r  t e m p e r a t u r e s  between 244 K 
(-20' F)  and 31 1 K (100' F ) ,  Class 2500 f l a n g e s  made of  ca rbon  o r  low-a l loy  
s t ee l s  may be used a t  p r e s s u r e s  up t o  41.4 MPa (6000 p s i ) .  
All f l a n g e s  on t h e  a i r  and methane s t o r a g e  v e s s e l s  are Class 2500 f l a n g e s .  
Consequent ly ,  t h e s e  f l a n g e s  may be used a t  p r e s s u r e s  up t o  41.4 MPa (6000 p s i )
( t h e  d e s i g n  p r e s s u r e  f o r  t h e  v e s s e l s ;  see t a b l e s  I and IV) and meet t h e  Code 
r equ i r emen t s  f o r  f l a n g e s .  
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lvozzle c o r n e r - r a d i u s. .r equ i r emen t s . - Code f i g u r e  AD-613.1 g i v e s  t h e  minimum 
a l l o w a b l e  i n s i d e - and o u t s i d e - c o r n e r  - r a d i i  f o r  n o z z l e s  : 
'in , n  ,min = 19.1 mm (0 .75  i n . )  
ro ,  n ,min = 6.4 mm (0 .25  i n . )  (B631 
For t h e  large n o z z l e  o f  t h e  a i r  s t o r a g e  v e s s e l s ,  t a b l e  I shows 
= 50.8 mm (2 .0  i n . )  > rin,n,min (B64 1 
Thus,  t h e  large n o z z l e s  o f  t h e  a i r  s t o r a g e  v e s s e l s  meet t h e  Code r equ i r emen t .  
For t h e  l a r g e  n o z z l e s  o f  t h e  methane s t o r a g e  v e s s e l s ,  t a b l e  I V  shows 
' in ,n  = 6 . 4  mm (0 .25  i n . )  < rin,n,min ( B 6 6  1 
ro , n  = 12.7 mm (0 .50  i n . )  > ro,n,min (I367 1 
Thus,  t h e  large n o z z l e s  o f  t h e  methane s t o r a g e  v e s s e l s  do n o t  meet t h e  Code 
r equ i r emen t s .  
For  t h e  small n o z z l e s  on t h e  a i r  and metha.ne s t o r a g e  v e s s e l s ,  t a b l e s  I 
and I V  show 
rin,n = 6.4 mm (0 .25  i n . )  < rin,n,min 
ro,n 12.7 ml (0.50 i n . )  > ro,n,min 
Thus,  t h e  small n o z z l e s  o f  t h e  air and methane s t o r a g e  v e s s e l s  do n o t  meet t h e  
Code requi rement  f o r  i n s i d e - c o r n e r  r a d i i .  To compensate  f o r  n o t  meet ing t h e  
Code, i n s i d e - c o r n e r  r a d i i  w i l l  be c a r e f u l l y  moni tored  d u r i n g  f u t u r e  i n s p e c t i o n s  
of  selected a i r  s t o r a g e  v e s s e l s  (see t a b l e  I X )  t o  de t ec t  any flaws which may 
develop .  
F a t i g u e  a n a l y s e s . - Code Art ic le  5-1 o u t l i n e s  t h e  p rocedures  f o r  per forming  
a f a t i g u e  a n a l y s i s  on p r e s s u r e  v e s s e l s .  The f o l l o w i n g  areas were selected f o r  




( 1 )  The large n o z z l e  on t h e  a i r  storage v e s s e l  
( 2 )  The large n o z z l e  on t h e  methane s t o r a g e  vessel 
(3) The small n o z z l e s  on t h e  a i r  and methane s t o r a g e  v e s s e l s  
( 4 )  The lower  head-to-wall  j u n c t u r e  on t h e  a i r  s t o r a g e  v e s s e l  
( 5 )  The upper head-to-wall  j u n c t u r e  on t h e  a i r  s t o r a g e  v e s s e l  
( 6 )  The upper  c a n i s t e r - t o - w a l l  j u n c t u r e  
( 1 )  The large n o z z l e  on t h e  a i r  s t o r a g e  v e s s e l :  From e q u a t i o n  (B47) of 
t h i s  r e p o r t ,  
Sp = 345 MPa ( 5 0  k s i )  
f o r  t h e  large n o z z l e  when t h e  i n t e r n a l  p r e s s u r e  is  41.4 MPa (6000 p s i ) .  Fo r  a 
f u l l  p r e s s u r e  c y c l e ,  t h a t  i s ,  0 PiPa t o  41 .4  MPa (6000 p s i )  t o  0 HPa,  Code pa ra ­
g raph  5-110.3(3) i n d i c a t e s  t h a t  t h e  a l t e r n a t i n g  stress i n t e n s i t y  i s  g i v e n  by 
Salt = 0.5Sp = 173 MPa ( 2 5  k s i )  (B70 1 
By e n t e r i n g  t h e  Code S-N c u r v e  f o r  ca rbon  and low-a l loy  s t ee l s  (Code 
f i g .  5-110.1) w i t h  t h i s  v a l u e  of Salt ,  a f a t i g u e  l i f e  o f  approx ima te ly  
50 000 f u l l  p r e s s u r e  c y c l e s  i s  o b t a i n e d .  
( 2 )  The l a r g e  n o z z l e  on t h e  methane s t o r a g e  v e s s e l :  The p rocedures  o u t ­
l i n e d  i n  r e f e r e n c e  15 were used t o  c a l c u l a t e  t h e  s t r e s s - c o n c e n t r a t i o n  f a c t o r  f o r  
t h i s  n o z z l e .  These  p rocedures  i n d i c a t e d  
KT 2.1 (B71) 
T h i s  s t r e s s - c o n c e n t r a t i o n  f a c t o r  compares f a v o r a b l y  w i t h  t h e  stress i n d i c e s  f o r  
n o z z l e s  g iven  i n  Code pa rag raph  4-612(a) .  Because o f  t h i s  f a v o r a b l e  compar ison ,  
t h e  stress i n d i c e s  g i v e n  i n  Code pa rag raph  4-612(a) were assumed t o  a p p l y .  
From e q u a t i o n  (B16) o f  t h i s  r e p o r t ,  
SP,m = 155 MPa ( 2 2 . 5  k s i )  
f o r  a p r e s s u r e  o f  41.4 MPa (6000 p s i ) .  By a p p l y i n g  t h e  i n s i d e - c o r n e r  stress 
i n d e x  from Code pa rag raph  4 - 6 1 2 ( a ) ,  
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Sp = 2.2s  
P ,*  
341 MPa (49 .5  k s i )  
For a f u l l  p . ressure  c y c l e ,  
'a1 t 0 . 5 s ~= 171 MPa (24 .8  k s i )  (B73 1 
By e n t e r i n g  Code f i g u r e  5-110.1 w i t h  t h i s  v a l u e  of Salt, a f a t i g u e  l i f e  o f  
approx ima te ly  50 000 f u l l  p r e s s u r e  c y c l e s  i s  o b t a i n e d .  
( 3 )  The small n o z z l e s  on t h e  a i r  and  methane s t o r a g e  v e s s e l s :  The 
p rocedures  o u t l i n e d  i n  r e f e r e n c e  15 were a l so  used t o  ca lcu la te  t h e  stress-
c o n c e n t r a t i o n  f a c t o r  f o r  t h e s e  n o z z l e s .  These p r o c e d u r e s  i n d i c a t e d  t h a t  
KT = 1.8 (B74 1 
Again,  because o f  t h e  f a v o r a b l e  comparison between t h i s  s t r e s s - c o n c e n t r a t i o n  
f a c t o r  and t h e  stress i n d i c e s  i n  Code paragraph  4 -612(a ) ,  t h e  Code i n d i c e s  
were assumed t o  app ly .  By u s i n g  these i n d i c e s  and t h e  sP m v a l u e  from equa­t i o n  (B16) ,  a f a t i g u e  l i f e  o f  approx ima te ly  50 000 f u l l  p r k s s u r e  c y c l e s  i s  
o b t a i n e d  for  these  n o z z l e s .  
( 4 )  The lower head-to-wal l  j u n c t u r e  on t h e  a i r  s t o r a g e  vessel: For  an 
i n t e r n a l  p r e s s u r e  of 41.4 MPa (6000 p s i ) ,  f i g u r e  18 shows t h e  t a n g e n t i a l  
stresses calculated i n  a NASTRAN" ( r e f .  4) f i n i t e - e l e m e n t  stress a n a l y s i s  
o f  t h e  head-to-wal l  j u n c t u r e .  From f i g u r e  18, on t h e  i n s i d e  s u r f a c e  o f  t h e  
j u n c t u r e ,  
Ut , i n  - 181 MPa ( 2 6 . 3  k s i )  ( B75 ) 
From t h e  i n t e r n a l  p r e s s u r e  on t h e  i n s i d e  s u r f a c e  o f  t h e  j u n c t u r e ,  
Ur , i n  = -41 MPa (-6 k s i )  ( ~ 7 6  
I n s p e c t i o n  o f  f i g u r e  18 i n d i c a t e s  t h a t  t h e  peak stress i n t e n s i t y  a t  t h e  head-to­
wal l  j u n c t u r e  i s  g iven  by 





From Code paragraph  5 -110 .3 (3 ) ,  f o r  a. f u l l  p r e s s u r e  c y c l e ,  
= 'a l t  = 0 . 5 ~ ~111 MPa (16.1 k s i )  (E78 1 
From Code f i g u r e  5-110.1, a f a t i g u e  l i f e  o f  a p p r o x i n a t e l y  380 000 f u l l  p r e s s u r e  
c y c l e s  i s  o b t a i n e d  f o r  t h i s  Salt.  
( 5 )  The upper  head-to-wall  j u n c t u r e  on t h e  a i r  s t o r a g e  v e s s e l :  The upper  
j u n c t u r e  c o n t a i n s  a backing  s t r i p .  Code paragraph  AD-412.1 s t a t e s  t h a t  stress-
c o n c e n t r a t i o n  f a c t o r s  o f  2 s h a l l  be a p p l i e d  when such  backing  s t r i p s  are l e f t  
i n  p l a c e .  Applying t h e s e  s t r e s s - c o n c e n t r a t i o n  f a c t o r s  t o  t h e  stresses on t h e  
i n s i d e  s u r f a c e  of t h e  j u n c t u r e  ( f i g .  18) y i e l d s  
at , i n  362 MPa (52 .5  k s i )  (I3791 
and 
ar , i n  = -82 MPa ( -11 .9  k s i )  (B80 1 

Thus, f o r  	a f u l l  p r e s s u r e  c y c l e ,  
Sp = ' t , i n  - ar , i n  -- 4 4 4  MPa ( 6 4 . 4  k s i )  
and 
S a l t  = 0 . 5 ~ ~= 222 MPa (32.2 k s i )  (B82 1 
From Code f i g u r e  5-110.1,  a f a t i q u e  l i f e  o f  a p p r o x i m a t e l y  23 000 full p r e s s u r e  
c y c l e s  i s  o b t a i n e d  for t h i s  Salt.  
( 6 )  The upper  canis ter- to-wa.11 j u n c t u r e :  For a p r e s s u r e  o f  4 1 . 4  MPa 
(6000 p s i ) ,  f i g u r e  18 a l s o  shows t h e  t a n g e n t i a l  stresses c a l c u l a t e d  f o r  t h e  
c a n i s t e r - t o - w a l l  j u n c t u r e .  From f i g u r e  18 ,  on t h e  i n s i d e  s u r f a c e  o f  t h e  
j u n c t u r e  , 
at , i n  -- 188 MPa ( 2 7 . 3  k s i )  
From t h e  i n t e r n a l  p r e s s u r e ,  on t h e  i n s i d e  s u r f a c e  o f  t h e  j u n c t u r e ,  
= -41 MPa (-6 k s i )  
3 
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I n s p e c t i o n  of f i g u r e  18 i n d i c a t e s  t h a t  t h e  peak stress i n t e n s i t y  a t  t h e  
c a n i s t e r - t o - w a l l  j u n c t u r e  i s  g i v e n  by 
'p = ' t , i n  - ar,in = 231 PiPa (33.5 k s i )  (E85 1 
The u p p e r  c a n i s t e r - t o - w a l l  j u n c t u r e  i s  made by u s i n g  f i l l e t  we lds .  Code 
paragraph  5-112 spec i f ies  t h a t  a f a t igue  r e d u c t i o n  f a c t o r  of 4 must be used f o r  
f i l l e t - w e l d e d  a t t a c h m e n t s .  Applying t h i s  f a t i g u e  r e d u c t i o n  f a c t o r  Ffr t o  Sp 
y i e l d s  
# 
f r s p  = 919 MPa (133.2 k s i )  (B86 1 t 
The Salt f o r  a f u l l  p r e s s u r e  c y c l e  is Fiven by 
S a l t  = 0 . 5 = ~460 ~!?Pa ~ (66.6 k s i )  (B87~ ~ 
From Code f i q u r e  5-110.1, a fa t i sue  l i f e  of  a p p r o x i m a t e l y  1700 c y c l e s  i a  
o b t a i n e d  f o r  t h i s  Salt. 
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MATHEMATICAL CHARACTERIZATION OF STEADY-STATE RESPONSE OF 
THE A I R  STORAGE VESSELS OF THE LANGLEY 8-FOOT 
HIGH-TEMPERATURE STRUCTURES TUNNEL 
Cons ider  a two-dimensional  c y l i n d e r  o f  u n i t  l e n g t h  as shown i n  f i g u r e  14. 
: The e q u a t i o n  of motion of a c y l i n d e r  i n  a flow i s  c h a r a c t e r i z e d  by 
where m v  i s  t h e  mass of t h e  c y l i n d e r  ( p e r  u n i t  l e n g t h ) .  The n a t u r a l  f r equency  
of t h e  c y l i n d e r  i s  g i v e n  by 
and t h e  damping r a t i o  i s  g i v e n  by 
I t  shou ld  be no ted  t h a t  t h e  chosen  form o f  t h e  damping mechanisrr! i s  based on t h e  
premise  of harmonic motion w i t h  emphas is  on s o l u t i o n s  a t  r e sonance .  Tota l  damp­
i n g  i s  made of  b o t h  a i r  r e s i s t a n c e  and s t r u c t u r a l  dampinq. Also,  t h e  aerody­
namic fo rc ine  f u n c t i o n  i n  t h e  l a t e r a l  d i r e c t i o n  (normal  t o  t h e  wind)  i s  ,given 
by 
1 
F ( T )  = - P V ~ ~ C ~ D ,
2 
The l i f t  c o e f f i c i e n t  CL e x c i t e d  by t h e  sheddin,? o f  v o r t i c e s  i s  assuned  t o  be 
of t h e  form 
i w k T  
cL = CLoe 




( i o k T 7 4  I \  
The s t e a d y - s t a t e  s o l u t i o n  of  e q u a t i o n  (C4) i s  g i v e n  by 1 
where t h e  ampl i tude  of  motion i s  g i v e n  by 
PD C vw2 -	 O Lo 1 
. -Y =  2 1/2 ( C 6  1 
2mvwn 
Equat ion  ( C 6 )  can be nondimens iona l ized  by d i v i d i n g  by t h e  z e r o  f requency  
( s t a t i c )  d i s p l a c e m e n t  o f  t h e  c y l i n d e r  due t o  t h e  l a t e r a l  l o a d ;  t h a t  i s ,  
-1 PD c vw2 
2 O L O  
yo = k ( C 7  
which y i e l d s  t h e  a m p l i t u d e  m a g n i f i c a t i o n  f a c t o r  i n  t h e  form 
By u s i n g  e q u a t i o n  ( C 6 ) ,  t h e  ampl i tude  can be de te rmined  f o r  a q iven  s t a t i c  
l o a d i n g  on t h e  c y l i n d e r  as  a f u n c t i o n  o f  wind speed  vw where W k  is  r e p l a c e d  
by NStrvw/Do. ( S e e  eq .  (171.)  
Equat ion ( C 6 )  was used t o  p r e d i c t  t h e  a i r - v e s s e l  s t e a d y - s t a t e  r e s p o n s e  
g i v e n  i n  f i g u r e  1 4 .  The s t a t i c  s o l u t i o n s  f o r  g i v e n  wind l o a d i n g s  were o b t a i n e d  
from a f i n i t e - e l e m e n t  model formula ted  f o r  t h e  SNAP ( S t r u c t u r a l  Network Analyses  
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Program). (See re fs .  16 and 17 . )  The adequacy o f  t h e  f i n i t e - e l e m e n t  model was 
v e r i f i e d  by f i e l d  measurements o f  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  a i r  v e s s e l .  h i t h  
t h i s  approach ,  t h e  a m p l i t u d e s  of motion and a s s o c i a t e d  stresses a t  r e s o n a n c e  
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TABLE I.- DIMENSIONS AND CHARACTERISTICS OF A I R  STORAGE VESSELS 
[See f i g .  21 
Dimension o rVessel parameter  
c h a r a c t e r i s t i c  
Remarks 
O v e r a l l  l e n g t h ,  m ( f t )  . . . . . . . . . . . . . . . . .  18.72 (61 .417)  
I n s i d e  d i a m e t e r ,  m ( i n . )  . . . . . . . . . . . . . . . .  1.52 (60 )  
. Large-nozzle  i n s i d e  d i a m e t e r ,  mm ( i n . )  . . . . . . . . .  j 165.1 (6;) 
Large-nozzle  material . . . . . . . . . . . . . . . . .  
* I  
VMS 5002 Pressure-vessel steel  
Outs ide-corner  r a d i u s  on la rge  n o z z l e ,  mm ( i n . )  . . . . . ~ 38.1 (I;) 
I
1
Small-nozzle  i n s i d e  d i a m e t e r ,  mm ( i n .  ) . . . . . . . . .  50.8 ( 2 ) '  




Ins ide -co rne r  r a d i u s  on small n o z z l e ,  mm ( i n . )  . . . . .  6 . 4  (1 /4 )  I 

Outs ide-corner  r a d i u s  on small n o z z l e ,  mm ( i n . )  . . . .  . I  12.7 ( 1 / 2 )  
I
Head c o n f i g u r a t i o n  . . . . . . . . . . . . . . . . . . .  Hemispher ica l  
Head t h i c k n e s s ,  mm ( i n . )  . . . . . . . . . . . . . . . . .  111.1  42 
( 8 )  , 
Head material . . . . . . . . . . . . . . . . . . . . . .  1 ASTM A-225 G r . B  1 
Wall t h i c k n e s s ,  mm ( i n . )  . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . .  
developed by A .  0. Smith 
Design p r e s  u r e ,  MPa ( p s i )  . . . . . . . . . . . . . . .  41.4 (6000) 
Capac i ty ,  m !I ( f t 3 )  . . . . . . . . . . . . . . . . . . .  31.1 (1100)
Weight,  Mgm (lbm) . . . . . . . . . . . . . . . . . . . .  113.4 (250 000) 
O r i e n t a t i o n  . . . . . . . . . . . . . . . . . . . . . . .  Vertical I Each vessel is  mounted on 
1 
a c y l i n d r i c a l  s u p p o r t  
s k i r t .  




[See fig. 21 

Canister parameter I 
Length, m (ft) . . . . . . . . . . . . .  
Outside diameter, m (in.) . . . . . . . .  
Head configuration . . . . . . . . . . .  
Head thickness, mm (in.) . . . . . . . .  
Head material . . . . . . . . . . . . . .  
Wall thickness, mm (in.) . . . . . . . .  
Wall material . . . . . . . . . . . . . .  













ASTM A-285 Gr.C 

TABLE 111.- DIMENSIONS AND CHARACTERISTICS OF 

AIR-STORAGE-VESSEL THERMAL LINERS 





Entrance outside diameter, mm (in.) . . .  
Minimum inside diameter, mm (in.) . . . .  
Wall thickness, mm (in.) . . . . . . . .  
Wall material . . . . . . . . . . . . . .  










TABLE 1 V . - DIMENSIONS A N D  CHARACTERISTICS OF METHANE STORAGE VESSELS 
~ 
Vessel p a r a m e t e r  
Vessel 1 Vessel 2 
~ ~_____ 
O v e r a l l  l e n g t h ,  m ( f t )  . . . . . . . . . . . . . . . . .  26.08 ( 6 5 . 5 6 2 5 )  14.12 (46 .3125)  
I n s i d e  d i a m e t e r ,  m ( i n . )  . . . . . . . . . . . . . . . .  1.52 ( 6 0 )  1 .52  ( 6 0 )  
Large-nozz le  i n s i d e  d i a m e t e r ,  mm ( i n . )  . . . . . . . . .  81.3  ( 3 . 2 )  81.3 ( 3 1 2 )  
VMS 5002 
6.4 ( 1 / 4 )  
12.7 ( 1 / 2 )  , 	 50.8  ( 2 )  
VMS 5002 
I n s i d e - c o r n e r  r a d i u s  on small n o z z l e ,  mm ( i n . )  . . . . .  6.4 ( 1 / 4 )  6 .4  ( 1 / 4 )  
O u t s i d e - c o r n e r  r a d i u s  on small n o z z l e ,  mm ( i n . )  . . . . .  12.7 ( 1 / 2 )  12.7 ( 1 / 2 )  
Head c o n f i g u r a t i o n  . . . . . . . . . . . . . . . . . . .  H e m i s p h e r i c a l  H e m i s p h e r i c a l  
Head t h i c k n e s s ,  mm ( i n . )  . . . . . . . . . . . . . . . .  111.1 (43)  111.1 (48) 
Head material . . . . . . . . . . . . . . . . . . . . . .  ASTM A-225 G r . B  ASTM A-225 G r . B  
Wall t h i c k n e s s ,  mm ( i n . )  . . . . . . . . . . . . . . . .  133.4 ( 5 i )  133.4 (5;) 
Wall c o n s t r u c t i o n  . . . . . . . . . . . . . . . . . . . .  M u l t i l a y e r  M u l t i l a y e r  
Wall material . . . . . . . . . . . . . . . . . . . . . .  VMS 1146A VMS 1146A 
Design p r e s  u r e ,  MPa ( p s i )  . . . . . . . . . . . . . . .  41.4 ( 6 0 0 0 )  41.4 ( 6 0 0 0 )  . C a p a c i t y ,  m9 ( f t 3  . . . . . . . . . . . . . . . . . . .  45.4  ( 1605 23.6 ( 8 3 5 )
, W e i g h t ,  M g m  ( lbm)  . . . . . . . . . . . . . . . . . . . .  145.1 (320 000) 77.1 (170 000) 
! O r i e n t a t i o n  . . . . . . . . . . . . . . . . . . . . . . .  H o r i z o n t a l  H o r i z o n t a l  
P r e s s u r e - v e s s e l  s tee l  
developed  by A .  0. Smi th  
P r e s s u r e - v e s s e l  s teel  
developed  by A. 0. Smi th  
Innermost  wal l  t h i c k n e s s ,  
12.7 mm ( 1 / 2  i n . ) ;  remain­
i n g  17 wall t h i c k n e s s e s ,  
6.4 mm ( 1 / 4  i n . )  
P r e s s u r e - v e s s e l  s tee l  
developed  by A .  0.  Smi th  
Both v e s s e l s  are  mounted on  
s a d d l e  s u p p o r t s .  
TABLE V.- TEMPERATURES AT WHICH STEELS WERE JUDGED 
TO MEET CODE-BASED IMPACT REQUIREMENTS 
( a >  Charpy impact  tes ts  
r I Temper a tu r e  
Steel  
VPIS 5002 . . . . . .  255 0 
VMS 1146A . . . . .  255 0 
A-225 G r . B  . . . . .  239 -30 
( b )  Drop-weight impact  tests 
Temperature  
S tee l  
K 4 
V M S  5002 . . . . . .  255 
V M S  1146A . . . . .  <247 <-15O I 
A-225 G r . B  . . . . .  247 -15 I 
TABLE V I .  - FATIGUE LIVES CALCULATED FOR VARIOUS SECTIGkS 
OF TtiE A I R  AND METHANE STORAGE VESSELS BY USING A 
CODE-BASED FATIGUE ANALYSIS 
I S e c t i o n  P r e d i c t e d  f a t i g u e  l i f e ,  
I
I f u l l  p r e s s u r e  c y c l e s  
~~ 
Large  n o z z l e s  on a i r  
s t o r a g e  v e s s e l s  . . . . . . . .  50 000 
Large  n o z z l e s  on methane 
s t o r a g e  v e s s e l s  . . . . . . . .  50 000 
Small  n o z z l e s  on a i r  and 
methane s t o r a g e  v e s s e l s  . . . .  50 000 
Head-to-wall j u n c t u r e s :
Without backing s t r i p s  . . . .  380 ooo 
K i t h  backing  s t r i p s  . . . . . .  23 ooo 
Canis te r - to-wal l  j u n c t u r e s  . . .  1 700  
49 
--- 
TAELE VI1.- DATA USED I N  THE FRACTURE-MECHANICS ANALYSIS OF THE A I R  A N D  METHANE STORAGE VESSELS 
I a a .  tArea mm i n .  1 mm ci i n .  1 m m  i n .  MPa k s i  
Upper c a n i s t e r - t o - w a l l  I I 

1.0 1 9 0 . 2 7 . 5 
I j u n c t u r e  . . . . . . . . . . VMS 1146A 6 . 4  10.25 I----- 25.4  " 
Large nozz le  on a i r  
s t o r a g e  v e s s e l  . . . . . . . VMS 5002 9.5 0 .375  127 .0I5 .0  127.0 5 . 0  303 44.0 
Large nozz le  on methane 
s t o r a g e  v e s s e l  . . . . . . . VMS 5002 6 . 4  , 0 . 2 5  127.0 5.0 139.7 5 . 5  326 47 .3  
Small nozz le s  on a i r  and 
methane s t o r a g e  v e s s e l s  . . . VMS 5002 6 .4  ( 0 . 2 5  127.0 5 . 0  114 .3  4 . 5  326 41 .3  




a , l m a x r O t + < I  $ 0 .  r min '1 or '2 n o r  m G e  
MPa k s i  MPa k s i  MPa k s i  SI U.S.  M N / m 3 l 2  ks i - in '"  
0 , O  190 2 7 . 5  0 0 --- 5.8 10-l' 3 88 80 

4 1  6 . 0  367.49 53.3 0 0 --- 2.11 2.33 99 90 





TAELE VII1.- VARIATION OF NOZZLE-AREA TEMPERATURE WITh TIME D U R I N G  A TUNNEL R U N  
T e m p e r a t u r e  f o r  node  p o i n t  -
rime, 1 2 3 4 5 6 7 8 9 
s -r-- ,----, I---- 1 
K OF K OF K O F  K O F  K O F ~ K , O F  K O F  K I O F  K O F  
0 266.5 20.00 266.5 20.00 266.5 20.00 266.5 20.00 266.5 20.00 266.5 20.00 266.5 20.00 266.5 20.00 266.5 20.00 
20 266.3 19.69 266.3 19.91 266.4 19.89 266.4 19.84 266.2.19.54 266.1 19.36 265.7 18.61 266.5 19.99 266.5 19.99 
40 265.8 18.82 266.3 19.66 2 6 6 . 2 ,  19.56 266.1 19.38 265.6 18.33 265.2 17.73 264.2 15.83 266.5 19.95 266.51 19.94 
60 265.1 19;23 265.9 19.01 265.7 18.63 264.6 16.53 263.9 15.43 262.3 12.52 266.4 19.85 266.4 19.83 
80 264.1 18.62 265.5 18.24 265.2 17.60 263.3 14.27 262.4 12.641 260.3 8.91 1266.3 19.66 266.3 19.62 
200 
100 262.8 16.30 19.38 266.1 19.32 
120 261.4 14.72 19.00 265.9 18.92 
140 259.8 12.87 18.49 265.6 18.39 
160 257-9  10.74 17.86 265.2 17.76 
180 255.9 8.33 17.09 264.8 16.99 
264.3 16.09253.7 5.61 16.17L- __ 
T e m p e r a t u r e  f o r  node  p o i n t  -
I I I
Time,  10 11 12 13 14  15 16 17 18 
s -
K O F  K , O F  K O F  K i ° F  K O F  K O F  K , O F  K O F  K O F  
0 266.5 20.00 266.5 20.00 266.5 20.00 266.5 20.00 266.5 20.00 266.5120.00 266.5 20.00 266.5 20.00 
20 266.5 19.97 266.0 19.98 266.5 20.00 266.5 20.00 266.f; 19.99 
40 266.4 19.82 265.2 '19.93 266.4 19.82 266.4 19.97 266.5 20.00 266.5 19.99 266.4 19.94 
19.54 264.2 	 19.83 266 .3 '19 .61  266.4 19.88 266.5 19.96 266.5 19.97 266.4 19.83 
19.70 266.1 19.32 266.3 19.71 266.5 19.95,  266.4 19.93 
19.52 265.9 18.96 266.2 19.46 266.4 19.90'  266.4 19.87 
19.30 265.7 18.53 266.0 19.11 266.4 19.82 266.4 19.78 
19.03 265.4 18.03 265.7 16.65 266.3 19.71 266.3 19.67 
18.70 265.1 17.46 265.4 16.09 266.2 19.55 266.2 19.53 
18.32 264.7 16.82 265.0 17.41 266.1 19.35 266.1 19.36 
17.88 264.3 16.10 264.6 16.62 266.0 19.09 266.0 19.15 
-- ---------------- 
TAELE VII1.- Concluded  
T e m p e r a t u r e  f o r  node p o i n t  -
I T i m e ,  I 19 20 21 22 23 24 25 26 27 
60 266.5 19.98 266.5 
80 266.5 19.95 266.5 
100 266.4 19.90 266.5 











258.3 5.29 258.3 '  5 .29  258.7 6 . 0 5  258.3 5.29 
255.9 1 .03  255.9 1.04 256.5 1 .99  255.9 1.04 
120 266.4 19.81 266.5 20.00 266.5 20.00 253.4 -3.53 253.8 -2.81 253.4 -3.51 253.4 -3.50 254.1 -2.33 253.4 -3.50 
140 266.3 19.69 266.5 19.99 266.5 19.99 250.7 -8.40 251.2 -7.56 250.7 -8.38 250.7 -8.36 251.5 -6.97 250.7 -8.36 
160 266.2 19.53 266.5 19.99 266 .5  19.99 247.8 -13.65 248.3 -12.67 247.8 -13.62 247.8 -13.61 248.7 -11.97 247.8 -13.61 
180 266.1 19.32 266.5 19.98 266.5 19.96 244.6 -19.35 245.2 -18.23 244.6 -19.32 244.6 -19.30 245.7 -17.40 244.6 -19.30 
200 266.0 1 1 9 . 0 6 ' 2 6 6 . 5  19.97 266.5 19.97 2 4 1 . 2  -25.59 241.9 -24.32 241.2 -25.55 241.2 -25.53 242.4 -23.35 241.2 -25.53 




Designation Component Drawing Item index ~-~~ Inspection requirementsno. no. 1975 o r  1976 or 1977 or 1978 or 1980 o r  1985 or  
NF = 40 NF = 80 NF = 120 N F  = 160 NF = 240 NF = 440 
I.A. Large nozzles 

I.A.l (1) All LE-704302 23 








I.B. Small nozzles 

I.B.l (1) All LE-704302 22 

I . B . 2  ( 2 )  Two small nozzles LE-704302 22 PT PT PT 
producing linear 
indications I I
I l l 
UT-shear UT-shear A 	qualified inspector shall inspect the 
inside-corner radius of the large nozzles 
on each air and methane storage vessel. 
The inspector shall use the existing shoes 
and 12.7-mm by 25.4-mm (l/Z-in. by 1-in.)
2.25-MHz transducer combination developed 
for the initial inspections of these nozzles. 
The inspector shall calibrate his equipment 
by using the existing calibration standard. 
PT PT A qualified inspector shall inspect the inside 
nozzle area of the large nozzle producing a 
linear UT indication. The inspector shall 
use the procedures outlined in Section V of 
the 1974 ASME B h PV Code in making this 
inspection. 

UT-shear UT-shear A qualified inspector shall inspect the 

inside-corner radius of the small nozzles 

on each air and methane storage vessel. 

The inspector shall use the existing shoes 
and 12.7-mm by 25.4-mm (1Q-in. by 1-in.)
2.25-MHz transducer combination developed 
for  the initial inspection of these nozzles. 
The inspector shall calibrate his equipment 
by using the existing calibration standard. 
PT PT PT A 	qualified inspector shall inspect the inside 
nozzle area of the two nozzles producing 
linear UT indications. The inspector shall 
use the procedures outlined in Section V of 
the 1974 ASME B h PV Code in making this 
insoection. 
no. 
I . C .  tiead-to-wall j u n c t u r e  LE-704302 C-1 and C-7 
I .  D. Canis te r - to-wal l  LE-704301 46 
j u n c t u r e s  
I . E .  R e n i s p h e r i c a l  heads 
I . E . l  ( 1 )  Three v e s s e l s  LE-7011302 101 
i n d i c a t i w  con-
p l e t e  l o s s  of 
back r e f l e c t i o n  
I . E . 2  ( 2 )  A l l  o t h e r  heads 
-
TAELE 1X.- Concluded 
I n s p e c t i o n  schedule  
1975 o r  1976 or 1977 or 1978 or 1980 or 1985 o r  I n s p e c t i o n  requi rements  
NF = 40 N F  = 80,NF = 120 N F  = 160 NF = 240 N F  = 440 
! ' IUT-shear A 	 q u a l i f i e d  i n s p e c t o r  s h a l l  i n s p e c t  t h e  welds 
j o i n i n g  t h e  hemispher ica l  heads  t o  t h e  
c y l i n d r i c a l  w a l l s  of t h e  a i r  and methane 
s t o r a g e  v e s s e l s .  The i n s p e c t o r  s h a l l  use  
a 12.7-mm by 25.4-mm ( l Q - i n .  by 1- in . )  
2.25-MHz t r a n s d u c e r  i n  making t h i s  inspec­
t i o n .  The i n s p e c t o r  s h a l l  c a l i b r a t e  h i s  . 
eouipment by u s i n g  t h e  e x i s t i n g  c a l i b r a t i o n  
s t a n d a r d .  
Visua l  Visua l  A 	 q u a l i f i e d  i n s p e c t o r  s h a l l  i n s p e c t  t h e  
l /Z- in .  f i l l e t  welds c o n n e c t i n g  t h e  upper 
p o r t i o n  of t h e  c a n i s t e r  t o  t h e  c y l i n d r i c a l  
w a l l s  of  two a i r  s t o r a g e  v e s s e l s .  The 
i n s p e c t o r  s h a l l  use  t h e  procedures  o u t l i n e d  
i n  S e c t i o n  V of t h e  1974 ASME B h PV Code 
i n  making t h i s  i n s p e c t i o n .  A f i b e r - o p t i c s  
borescope  i s  a v a i l a b l e  fo r  making t h i s  
i n s p e c t i o n .  
UT-long UT-long UT-long UT-long A 	 q u a l i f i e d  i n s p e c t o r  s h a l l  i n s p e c t  t h e  
h e m i s p h e r i c a l  heads  o f  t h e  t h r e e  v e s s e l s  
i n d i c a t i n g  complete l o s s  of back r e f l e c t i o n .  
The i n s p e c t o r  s h a l l  u s e  t h e  procedures  
o u t l i n e d  i n  S e c t i o n  V o f  t h e  1974 ASME 
B & P V  Code i n  making t h i s  i n s p e c t i o n .  The 
i n s p e c t o r  s h a l l  t r a c e  i n  p a i n t ,  a s  c l o s e l y  
a s  p r a c t i c a b l e ,  t h e  c i r c u m f e r e n c e s  of a l l  
l a m i n a t i o n s  l o c a t e d  d u r i n g  t h i s  i n s p e c t i o n .  
No i n s p e c t i o n  r e q u i r e d  u n l e s s  i n s p e c t o r s  f ind 
l a m i n a t i o n  qrowth i n  I.E.l. 
---- 
---- 
TABLE X.- COMPARISON OF THE TENSILE AND CHEMICAL PROPERTIES OF THE NEW STEELS 

TESTED N I T H  THE STEELS I N  THE STORAGE VESSELS 

( a )  Tens i l e  p r o p e r t i e s  
I-------+- I--+--
VMS 5002 I n  v e s s e l  673 97.6 641 93 
Tested 675 97.9 
VMS 1146A 	 I n  v e s s e l  772 112.0 724 105 483 70 32 
Tested 698 101.3 31 
A-225 G r . B  	 I n  v e s s e l  538 78.1 -517 75 296 43 30 
Tested 566 82.1 34 
(b) Chemical p r o p e r t i e s  
Percent  o f  element -
S t e e l  S t a t u s  
VMS 1146A I n  v e s s e l  0.22 1.30 0.015 0.027 0.28 0.15 0.57 
Tested .21 1.31 .014 .024 .28 . I 5  .55 
VMS 5002 I n  v e s s e l  0.24 1.52 0.017 0.022 0.26 0.15 0.59 
Tested .23 1.45 .015 ,023 .30 . I 5  .59 
A-225 G r . B  I n  v e s s e l  
Tested 
0.17 










. I 2  
I
i 
TABLE XI.- CALCULATED S, VALUES FOR VMS 5002, VMS 1146A, 





VPIS 5002 Nozzles 214 31 

VPls 1146A Cylindrical walls 241 35 





TAHL.: X.11.- MAXIMUM ALLOWABLE VALUES OF STRESS INTENSITIES FOX THE THREE PRESSURE-VESSEL STEELS 

'p ,m ,max = s, S~ ,m,max= 1.5s, Sp,s,max = 3Sm 

(see Code paragraph 4-131 ) ( s e e  Code pa ras raph  4-132) ( s e e  Code paragraph 4-134) 

VMS 5002 VMS 1146A 1 A-225 Gr.B , VMS 5002 I VMS 1146A A-225 Gr.B VMS 5002 1 VMS 1146A 1 A-225 Gr.B 1-
MPa k s i  MPa k s i  MPa k s i  MPa k s i  MPa k s i  YPa k s i  MPa k s i  MPa k s i  MPa k s i  
214 31 241 35.0 172 25.0 321 46 .5  362 52.5 259 37.5 641 93 724 105 517 75.0 
TABLE XII1.- HEAD AMD WALL STRESSES AT THE HEAD-TO-WALL JUNCTURE 
0 U 0 '3 u CT
S t r e s s e d  t , o  t , i n  2 1 0  2 , i n  r10 r,in 
___/ 
area MPa k s i  MPa k s i  MPa k s i  MPa k s i  MPa k s i  MPa k s i  
Wall 152 22.1 210 50.5 77 11.1 132 19.2.  0 0 -41 -6 
















CYLINDRICAL SUPPORT SKIRT 
view of  a t y p i c a l  a i r  s t o r a g e  v e s s e l  a t  t h e  




















212 1 230 244 

4-
F i g u r e  3.- T a n g e n t i a l  stresses i n  n o z z l e  area of  a i r  s t o r a g e  v e s s e l .  





F i g u r e  4.- Nozzle  mock-up and c o n t o u r - g r i n d i n g  machine used  t o  modify 
t h e  a i r - v e s s e l  n o z z l e s .  
61 
Liner weld 7 

F i g u r e  5.- C r o s s - s e c t i o n a l  view o f  a i r - s t o r a g e - v e s s e l  n o z z l e s  
p r i o r  t o  m o d i f i c a t i o n .  
62 





F i g u r e  6.- C r o s s - s e c t i o n a l  view of a i r - s t o r a g e - v e s s e l  n o z z l e s  w i t h  
i n s i d e  s e c t i o n  of  l i n e r  b e i n g  removed. 
63 
I l l I l l l l l l l  I I I 

F i g u r e  7.- ' C r o s s - s e c t i o n a l  view of a i r - s t o r a g e - v e s s e l  n o z z l e s  w i t h  
o u t s i d e  s e c t i o n  of l i n e r  be ing  removed. 
64 

Figure 8.- Cross-sectional view of air-storage-vessel nozzles 

depicting liner fragmentation. 

65 
r Grinding stone 
/ 
F i g u r e  9.- C r o s s - s e c t i o n a l  view of  a i r - s t o r a g e - v e s s e l  n o z z l e s  w i t h  





r New thermal  l iner  
+

F i g u r e  IO. - C r o s s - s e c t i o n a l  v iew of  modi f ied  a i r - s t o r a g e - v e s s e l  n o z z l e s .  
67 







F i g u r e  11 . - C r o s s - s e c t i o n a l  view of  l a r g e - n o z z l e  mock-up f o r  a i r  s t o r a q e  v e s s e l s .  
- 
Figure  	12.- Node p o i n t s  1 t o  10 near  t h e  l a rge  nozz le  a t  which tempera tures  were c a l c u l a t e d  







F i c u r e  13.- Node p o i n t s  7 and 10 t o  27 n e a r  t h e  l a r g e  n o z z l e  a t  which 
t e m p e r a t u r e s  were c a l c u l a t e d  fo r  a n  ex t reme t u n n e l  r u n .  T a b l e  VI11 
p r e s e n t s  t h e  c a l c u l a t e d  t e m p e r a t u r e s .  
,-Air storage v e s s e l  
E l e v a t i o n  v i ew P l a n v i e w  
20 
w n  = 1.51 Hz 
NStr = 0 . 2 2  
( = 0.012 
CL = 1.0 ( s t agna t ion  pressure) 
a t  top  of 
v e s s e l ,  niin 1 0  = 30.4 M P a  a t  r e s o n a n c e  
CL = 0.32 (ref. 1 3 )  
= 9.67 M P a  a t  r e s o n a n c e  
0 22.5 45 
Figure 14.- Mathematical model and predicted response characteristics 










F i g u r e  15.- V a r i a t i o n  of  stress a t  t h e  base of  a n  a i r  s t o r a g e  v e s s e l  





Figure 16.- Aer ia l  	view of  t h e  Langley 8-foot high-temperature structures tunnel  inc luding  
the  thermal enc losure  over t he  a i r  s to rage  v e s s e l s .il w 
~ 
2 3 9  
2 3 2  
A 
2 2 8  2 4 0  2 5 4  
-
2 2 7  2 3 8  2 5 2  \ 
- ~- - _  
2 3 6  249 2 6 0  2 8 3  
. ... -~ 4303 
2 3 4  2 4 6  2 6 3  2 8  1 2 9 6\ 
-- _. 
2 3 0  2 4 4  2 5 9  2 7 7  2 9  1 
-
F i g u r e  17.- T a n g e n t i a l  stress i n  modi f ied  n o z z l e  area of  a i r  s t o r a g e  v e s s e l s .  








































203 . l g 8  1-l g 4  
l g o  I 188 I
-
F i g u r e  18.- T a n g e n t i a l  stresses f o r  upper  head-to-wall  j u n c t u r e  area of 
a i r  s t o r a g e  vessels. S t r e s s e s  are g i v e n  i n  MPa. 
NASA-Langley, 1977 L-1 1015 75 
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